1.1 The force, F, of the wind blowing against a building is given by 
F = CppV* A/2, where Vis the wind speed, p the density of the air, 
A the cross-sectional area of the building, and Cpis aconstant tenned 
the drag coefficient. Determine the dimensions of the drag coefficient. 


F=CQ,eV A 
or 
Cy, =2F/e VA, where F=MLT? 
e= mL" 
ne cael 
Thus, Az * 
Cy =(MLT*)/[ (ML? LT (22)] = M°L? T° 


Hence , Cy is dimensionless. 


1.2 


1.2 Verify the dimensions, in both the FLT and MLT systems, 
of the following quantities which appear in Table 1.1: (a) vol- 


ume, (b) acceleration, (c) mass, (d) moment of inertia (area), 
and (e) work. 


: 3 
(QA) Volume = a 


(Lh) acceleration = time rade of change of velocity 
’ =! _* 
= Sf 


(0) mass = M™ 
or with F=zamMs_t? 


Masel ein 7 


(A) moment of inertia (area) = second moment of area 


= (L201?) = hF 


force x distance 
= Fl 


= 


Ce) werk 


Hy 


or with FaMLrT~? 
work? MmL* T~? 


13 Determine the dimensions, in both the 
FLT system and_the MLT system, for (a) the 
product of force times acceleration, (b) the prod- 


uct of force times velocity divided by area, and 
(c) momentum divided by volume. 


(a) force x acceleratjon = (F)(LT~7) = may 
Since FZFML al 
” aha _— 
Ferce x acceleration = (MLT LT )5L°T 


(p) forcex velocity 2 (EMLT') 2 py 77 
area Lz i ea 


(qt Mir? » i lied 


L2 -————~ ————) 


cc) omentum _ rmass x velocity 
vo/ume vo lurneé. 


(ery-M1 7) 2 FLT 


14+ Verify the dimensions. in both the FLT 
system and the MLT system. of the following 
quantities which.appear in Table 1.1: (a) fre- 


quency, (b) stress, (c) strain, (d) torque, and (e) 
work. 


(4) Freguency = 


(6) stress = 


GbVEC4 
Since FKL ag 


-2 
, ra , - =2 
Stress = we a Mt T 


L+ 


tc) strain = Charge feng? > ts be dimension less) 
length re aad 


(d) torgue = force x distance = ine, 
= OgiT VL) = ML 


(€) work = forté « distance > as 
= (LT WL) = mae? Tr 


1.5 
what are the dimensions (in the MLT system) of 


(a) du/dr, (b) du/dxar, and (c) f (du/dt) dx? 


(A) 


If u is a velocity, x a length, and ¢a time, 


ee Py a 
ce 
Se wy ET og 
Ox et (L)(T) i Sete 
LiF") wp as ie on 
- 


1.6 ‘If p is a pressure, V a velocity, and p a fluid density, 
what are the dimensions (in the MLT system) of (a) p/p, (b) 
pVp, and (c) p/pV7? 


af 2 , 
$275 + a le 


(2) was 


a 
(6) pps Gac'r)(LT")(me2)= ML T 


) > a poner 
PY an Cer) 


ae! SHIT Ce dimenssealess 


rc 


1.7 If Visa velocity, € a length, and v a fluid property (the kine- 
matic viscosity) having dimensions of L?T~', which of the fol- 
lowing combinations are dimensionless: (a) Vév, (b) VE/v, (ce) V*v, 


(a) V/ev? 


(a) Vkv = (L tYt 277 = Liye (aad dimensionless) 


ip ME go Aer) pepe 


Vv (1.2 7-!) i _— = ey) 


fe) "a7 3 “Tt (ee is; re. Doiensiohiless ) 


Ve ar 1 


LV (L (427-1) ~ 


=2 


i i hot dimensionless ) 


1.8 If Vis a velocity, determine the dimensions of Z, a, and G, 
which appear in the dimensionally homogeneous equation 


V=2Za-1)+G 


V= Z2@&-1) + G 


[uv] = [2][x-1] + (6] 


Sy nce. each term im The &guation must have 
the same MENSIONS, tL follows that 


Ze Me 


ok = FLT? C dimensionless smie Combined 
with a number) 
i ai 


164 The volume rate of flow, Q, through a pipe containing a 
slowly moving liquid is given by the equation 


_ wR*Ap 
8 


where R is the pipe radius, Ap the pressure drop along the pipe, 
pa fluid property called viscosity (FL~*7) , and £ the length of 
pipe. What are the dimensions of the constant 7/8? Would you 
classify this equation as a general homogeneous equation? 
Explain. 


were fel eer 


[ur] =| 2) fT 


The Censtant tt/s Is dimensionless and 


the eguation Is @ General homogeneous 


CRuatidn That 148 valid in any Consistent 
Uni+ system. Yes. 


i-g 


1,10 | According to information found in an old hydraulics 
book, the energy loss per unit weight of fluid flowing through 
a nozzle connected to a hose can be estimated by the formula 


h = (0.04 to 0.09)(D/d)*V?/2g 


where hi is the energy loss per unit weight, D the hose diameter, 
d the nozzle tip diameter, V the fluid velocity in the hose, and 
g the acceleration of gravity. Do you think this equation is valid 
in any system of units? Explain. 


4 = (0.04 f 0.09) (a) 


Fe]e [ows oe] [SEIEIE] 
foe [ 0.04 tr 0.09) [L] 


Synce each term in The €3.uation must have the 
Sarne dimensions, the constant term (0.0% 40.09) must 
be dirmens/onless. Thus, The CFURtIOn 4s & General 


horn o geneous Cf uation Thak 1s Valid pu any system 
of ants. Yes. 


1.11 The pressure difference, Ap, across a cosity (FL~?7T), p the blood density (ML~?), D 
"partial blockage in an artery (called a stenosis) is the artery diameter, A, the area of the unob- 
approximated by the equation structed artery, and A, the area of the stenosis. 

uw Determine the dimensions of the constants K, 
Ap = K. D + Ry and K,. Would this equation be valid in any sys- 
tem of units? 


rec) = [ly] CORUENL)] of -) ETE) 
2c) = [jc] [rca + fered 


Since each term must have the same dimensions, 

K, and K, are dimensionless. Thus, the equation 
is a general homo geneous €3 uation that would be 
Valicl in ang Consistent system of units. ee 


1/2 


Le. 
aa 


1.12 Assume that the speed of sound, c, in a fluid depends 
on an elastic modulus, E,, with dimensions FL~?, and the fluid 
density, p, in the form c = (E,)*(p)”. If this is to be a dimen- 
sionally homogeneous equation, what are the values for a and 
b? Is your result consistent with the standard formula for the 
speed of sound? (See Eq. 1.19.) 


GS (E,)*(p)* 


Since C3LT' £,=FL* P= FL ty? 


[e]+ [$2] [ER] ' 
: 


For a climensionally homogeneous Lguation each term 
4n The eguation must have The same dimensions. Thus, 
the right hand side of £3.07) must have the dimensions 
of LT". There fore, 
Aztze (t ebwaake F? 
2h=-!1 Cte satisty Cond ton onT) 
Lat¢¥b=-! Cte ats ty Conditron on L) 
It do touts That ass Qha z— 


So Theat Pe ley 
ik ee 

The result Is Consistent with The styndad Pormule hr the 

Speed ef sound, Yes. 


1.13. __ A formula to estimate the volume rate 
of flow, Q, flowing over a dam of length, B, ts 
given by the equation 

Q = 3.09BH?” 


where H is the depth of the water above the top 


@= 3079 BH™ 
he ee 


7] 


of the dam (called the head). This formula gives 
Q in ft?/s when B and H are in feet. Is the con- 
stant, 3.09, dimensionless? Would this equation 


be valid if units other than feet and seconds were 
used? 


Boaft}[L) * 
[309] pi 


Since each term in the eguation must have the same 
climen sions the constant 32.04 aust have dimensions 
Of L°*7~' and is therefore not aumensionless . No. 
Since the constant has dimensions its value will change 
with a change in units. No. 


1.15 Make use of Table 1.3 to express the 
following quantities in SI units: (a) 10.2 in./min, 
(b) 4.81 slugs, (c) 3.021b, (d) 73.1 ft/s?, (e) 0.0234 
lb-s/ft?. 


: -2 
(A) /O2 a = (/0.2 ia: ) (2.540xI0 ie) fie) 
= -3 mn 
S ge ei es = 422. cae 
(6) 48) slugs= (4 2/ slugs ) (4459 £10 2£)= 70, 2 44 


(6) 302 b = (Zork )( 49 %) = sann 


lb-s | /b-s 
(6) 0.023% : (0. 0139 “=. 


fe 


1.16 Make use of Table 1.4 to express the 
following quantities in BG units: (a) 14.2 km, 
(b) 8.14 N/m’, (c) 1.61 kg/m*, (d) 0.0320 N-m/s, 
(e) 5.67 mm/hr. 


(A) 142 kam = (42x10 21) ( 3221 bag 466 x10° tt 


a) 8m He = (214 M ) (6 30620? 2). sexi? H, 


reg 


o lu 2 
(¢) 16é/ #4 = (1.67 4 ) (1, 940 x10 . 7e ) = 5 2 c/o slugs 
= i i. 


yn > 


Nean : -1 ft-fb 
(ad) 0.0320 =~ (o. 0320 cm) (7 376X 10 z; ) 
M 


——~ 


2 S 
Z3bxX 10 z qi 


= (su7 <0? ™) (z281H) (1 ) 


3b00 5 


ey 4 
5517 hb ft, 


1.17 Express the following quantities in SI units: (a) 160 acre, 
(b) 15 gallons (U.S.), (c) 240 miles, (d) 79.1 hp, (e) 60.3 °F. 


” =) -2 = 
(a) 160 acre = (Ibo acre)(435b x10 == \(4,240 xp = 
6.47 x 105 ~m* 


(b) 15 Gallons = (is gallons (3. 185 = sais ) (10 om 


A a 
jal 3 56,8 Xl0 mm 


Luter 


(2) 240 me = (240 mi) (5280= =. )(3. one x6 33bx10° 1m 


eth 
(A) 79.] hp = (79.1 hp)(s50 us (90 2) 5 9p xX\0 ee 
hp 


and |} l= \wW So that 
719.) hp = 5,9 x10 W 


ce) Tes - (tagr =<@2) = 157°C 


si5,y © #212 | Se A I< 


1.18 For Table 1.3 verify the conversion re- 
lationships for: (a) area, (b) density, (ce) velocity, 
and (d) specific weight. Use the basic conversion 
relationships: 1 ft = 0.3048 m; 1 Ib = 4.4482 N; | 
and 1 slug = 14.594 kg. 


(a) / #t*= : (1 £4 ‘(C2 3000) “2m +). 0.09290 m* 


Thus, rultipl, ¢£* by 9.240 E~2 to convert 
tom *. 


oe) / ae 


Ot roe nee Cee Se) F 0, 3046) 
” 0. 3048 


fe? ft3 


Thus, multi ply slug/ te? by S/S5¥ E+2 to convert 
to RG Jim 3 


ce) os : (/ ft) (0, 3049 S) - 032049 @ 


Thus, multiple ft/s 4 3.048 E-I f comert 
to am. /§. 


-(/ 3a ) (49402 Eo | 


= AST se 


Thas, multiply /bL/ £3 by 157/ Et2l +5 convert 


bs 
wif 


1.19 | 


For Table 1.4 verify the conversion re- 
lationships for: (a) acceleration, (b) density, 
(c) pressure, and (d) volume flowrate. Use the 
basic conversion relationships: 1 m = 3.2808 ft; 
1N = 0.22481 Ib; and 1 kg = 0.068521 slug. 


() m )( 3.2508 Hs 3,28! 
Thus, rrultiply m/s? 
to #t/s?. 


(6) | ae (Be , \(0. 06452) rid ere ,| 


(3.2208) fe° 


by Jas | Lo Convert 


al -3 slugs 
= |. fY4o x10 = 


Thus, multiply Ry Jam? by 1.940 E-3 to 


to slug/ tt 3, 


Con vert 


N oe 
ce) |e, NM )(4 2248] 2 been Ris 


= 2.089 LID” = 
Thus, mulbiply N/mm? 


to |b / Ft”. 
(d) | A? ¢ a 3a31 Zt? 
5. eae | fu S 


Th us) mult iply 
to ft/s. 


2.089 E-1 to Convert 


rm 3/s by 3. 53/ E+! to convert 


1.20 Water flows from a large drainage pipe at a rate of 
1200 gal/min. What is this volume rate of flow in (a) m?/s, (b) 
liters/min, and (c) ft3/s? 


(a) 3 ae 
flowrate = (/200 ae ) (6309x107? “s ) 
Gal 


= 757 ant fies am? 
Ss 
=——————_——————————_—_—_—_——_—_ 


(5) “Sine ~ 1 iter < 0” m3, 


/ 


Flowrate = (757 x 107 ae?) ( 10" liters) bes \ 


liters 
wn) 


= £540 


CC) Llowrate = (Pxte Nex 


“ 
- “hs Se 


——__ 


Pea 


Fear) 


1.24 An important dimensionless parameter 
in certain types of fluid flow problems is the Froude 
_ number defined as V/ Vel, where V is a velocity, 
g the acceleration of gravity, and Ca length. De- 
termine the value of the Froude number for V = 
10 ft/s, g = 32.2 ft/s’, and ¢ = 2 ft. Recalculate 


Ln 86 anits, 


jo tS 


V ~ 
194 G22 8 Yas 


In SLI units: 


O 


the Froude number using SI units for V, g, and 
(. Explain the significance of the results of these 
calculations. 


II 

> 
NY 
WD 


ee (io bag ) Ca, ZO4P = 5.05 = 


gi Ble Se 


g= (244) (03048 @)- Oblom 


ft 
am 
Ss 


The value of a dimensionless Parameter /S 


inde pendent of The 


unit system. 


1.23 A tank contains 500 kg of a liquid whose specific gravity is 
2. Detennine the volume of the liquid in the tank. 


m=ev = SE Oyo V 
Thus, 


Ves m7 ese Oyo ) = 500kg M2)( 999 )) 


= 0.250 m? 


1.24 Clouds can weigh thousands of pounds due to their 
-, liquid water content. Often this content is measured in grams | 
~~ per cubic meter (g/m). Assume that a cumulus cloud occupies ~ 
' a volume of one cubic kilometer, and its liquid water content | 
is 0.2 g/m?. (a) What is the volume of this cloud in cubic ‘Gal 
= ~~ miles? (b) How much does the water in the cloud weigh in | Laat 


op H _€F pg PaPaecae iv? 44 (as) a) tea" = 
Lota itt xd ,)iot im?) = fb x10" N 
HH vee x [0 at 245 Pars ‘t) = 4 e/ x10 “1b 
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1.25 A tank of oil has a mass of 2s slugs. 
(a) Determine its weight in pounds and in new- 
tons at the earth’s surface. (b) What would be its 
“[samass (in slugs) and its weight (in pounds) if lo- 
* cated on the moon’s surface where the gravita- 
tional attraction is approximately one-sixth that 

at the earth’s surface? 


Ca) weight = mass x 7 


| 


(25 slugs | (22.7£f}= 805 h 


1} 


(25 slugs) (14.59 SE ) (78! = )= S58 QV 


(6) mass = £5 slugs (rmass does not depend on 
gra vitatione! attraction ) 


weight = (us sisiat ae ) ee $54 ib 
— ——_— 


1.26 A certain object weighs 300 N at the earth’s surface. 
Detennine the mass of the object (in kilograms) and its weight 
(in newtons) when located on a planet with an acceleration of 
gravity equal to 4.0 ft/s”. 


weight 
d 


$02 Moris 30.6 kg 
73) —- 


for gq = to HL» 
weight = (30.6 44) (#0 # (0 3048 = ) 
| 373: 


(Mass = 


1.27 The density of a certain type of jet fuel 
is 775 kg/m>. Determine its specific gravity and 
specific weight. 


= O& 775. 


& Ade, Ne RN 
<2) (4.8 @)= 760 


2 ym 3 
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1.28 A hydrometer is used to measure the specific gravity of liq- 
uids. (See Video V2.8.) For a certain liquid a hydrometer read- 
ing indicates a specific gravity of 1.15. What is the liquid’s den- 
sity and specific weight? Express your answer in SI units. 


j~23 


1.2Q An open, rigid-walled, cylindrical tank contains 4 ft? 
of water at 40 °F. Over a 24-hour period of time the water 
temperature varies from 40 °F to 90 °F. Make use of the data 
in Appendix B to determine how much the volume of water will 
change. For a tank diameter of 2 ft, would the corresponding 
change in water depth be very noticeable? Explain. 


/Y1Q55 of water a va 
where W ts the volume and 9 the densrly. Since the 
mass must vemain Constant @5 The tem perature Changes 


bot tor = Yolo m 


From Table 8.1 Z, Pee I G40 ol 
LO @. Yo*F 


a: Slugs 
Jap @ gore = 1 PEG 


Therebore tyom £4. GA / 
2 slags 
7 (4.12)(/, 940 £73 ) = L niKe {73 
fp 1.43] ode 
Thus, The sncvease in volume 4s P 
4% piel -4000= ae 01 &6 ft 


The Change JA luader depth, AL, 4 hel 7 
Ap= 4¥ _ 0.01% ft7 


Area sg GFt)* 


This Small change 1s dephh would mot be very 
hoticeable, No. 


3 
= 45.92y|) A= 0.0T7/0in. 


Mote: 4 slightly different value for AL wilt be obfamed 
1f spectre weight of water Is used rather Than density. 
This 13 due fe the fack That there is some uancertunt, 


In the fourth sygnititant figure of These, Awo Values, and 
the Solution +3 sensitive dp This uncertainty. 
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1.31 A mountain climber’s oxygen tank contains 1 Ib of oxygen 
when he begins his trip at sea level where the acceleration of grav- 
ity is 32.174 ft/s?. What is the weight of the oxygen in the tank 
when he reaches to top of Mt. Everest where the acceleration of 
gravity is 32.082 ft/s?? Assume that no oxygen has been removed 
from the tank; it will be used on the descent portion of the climb. 


W=mg 

Let ( ),, denote sea level and ( )y, denote the top of Mt. Everest 
Thys, 

W,, 2 11h =m,, 9s) andl 


Wate ° Mare Fmté 


However Mey = My 


_ Wae 
Jote 


352,062 Ti/s* 
I Ib 22.174 fist = 0.497) Ib 


so that since m= ¥ F 
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1.32 The information on a can of pop indicates that the can 

. contains 355 mL. The mass of a full can of pop is 0.369 kg 
while an empty can weighs 0.153 N. Determine the specific 
weight, density, and specific gravity of the pop and compare 
your results with the corresponding values for water at 20 °C. 
Express your results in SI units. 


Wes ht of fluarél Cr) 
Volume of Flucd 


ota | Weight = Massx 9 = (0.369 £4 (981% ) = {42N 
weight ef can= Of53N 

Volume of Fluid = Ce55xi0%l) (07 )= FE X10 om 
Thus, trom By) 


x= 262M — 0./53N _ 97% a 
pera ST: oe mM 


G55 X10 -m 
if : 
PR .g 7.8) = 


4 
ia = 7% a = 0.996 
(no@rc 1009 4E 


SG 


Por wale al 20°C (see Table BZ vy Appendii B) 
= 75g = ‘ = de : = 
Ni. ® mi, 762 8 5 Sh 0.9482 
J Comparison of These Values fr watey with These 
for The pop shows That The specitre Weight, 


density, Gud gpeciAc gravity of The pep are a// 
Slightly Jower Than the corresponding values for water 
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"1.33 The variation in the density of water, p, with tem- 
perature, 7, in the range 20°C < T = 50°C, is given in the 
following table. 


Density (kg/m?) | 998.2 | 997.1 | 995.7 | 994.1 | 992.2 | 990.2 | 988.1 
Temperature (°C)}| 20 25 30 35 40 45 50 

Use these data to determine an empirical equation of the form 
p = C,; + CT + c37? which can be used to predict the density 


over the range indicated. Compare the predicted values with the 
data given. What is the density of water at 42.1 °C? 


Fit the data to a secono order Pslynomia 
asing & St#ad@rd Carve-Fittiag pregram such 
Gs yound In EXCEL, Thus, 


f° = 1020/ — 0.0597 T ~ 0.004) » iia 01) 


As Shown yn The Lable below , Fas (predic ted ) 
trom 2g li) 1s 10 Geod Agreement with p (gen). 


P, kg/m*3 pp, Predicted 


At Te ¥2./-°C ; ; 
2 4. 
a (42.5°¢)- 0.0041 (421°) = FU.5 “3 


|-27 


1.3% If 1 cup of cream having a density of 1005 kg/m’ is turned 
into 3 cups of whipped cream, determine the specific gravity 
and specific weight of the whipped cream. 


4 
Mass of cream, am = (7 oo 5 *f ) x ie ) 
bere 4 ~ volume. 


Since A OR a tae 
Cream 
Mm Whipp of he 
com = Crem (loos 7m 3 nant 
cream ‘a oe ee 
3 Cups -. Cups 
A 
| 005 im 395 “ke 
| 3 fm 3 


oo 335 hg, 
fm 2 


5 es > Seeam : 
2 Re 
ie @ t°¢ |o00 


Cem eae : ier, x . (325 $8.) (g9) *) 


CYeam 


cCYeam 


N 


= aE aD 
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1.36 


1.36 Determine the mass of air in a 2 m’ tank if the air is at room 


temperature, 20 °C, and the absolute pressure within the tank is 
200 kPa (abs). 


mM =eV where V=2m" and 


C= p/RT with T=206 = (20 +273) K= 293K 
and pp = 200kPq = 2000" ©, 


Thus, 
Q = (200% PA / | (2.869 x10" Tee 293 K) | 
= 2,38 KY 
m 
Hence, 


m =0V= 2.38 2% (2m°) « 476 kg 
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1.37 Nitrogen is compressed to a density of 
4 kg/m? under an absolute pressure of 400 kPa. 
Determine the temperature in degrees Celsius. 


7 Ww 
“-P 4oox|/o = 
] => —__ = ™m > = 337 K 


PR 2 E 
(4 pi) Pte) 


= [a -—J173 = 337% -2973 = 64°C 


1.38 The temperature and pressure at the surface of Mars 
during a Martian spring day were determined to be —50 °C and 
900 Pa, respectively. (a) Determine the density of the Martian 
atmosphere for these conditions if the gas constant for the 
Martian atmosphere is assumed to be equivalent to that of 
carbon dioxide. (b) Compare the answer from part (a) with the 
density of the earth’s atmosphere during a spring day when the 
temperature is 18 °C and the pressure 101.6 kPa (abs). 


ee tae 


N 
am > 


(183.9 ; 72 =n | (sore + 213) 


900 


3M 
(b) = = ee 1m > is 
Sait (Ah ie) [Ciste +273) k | 


Thus, 


rm 
‘a 


1.39 A closed tank having a volume of 2 ft’ is filled with 
0.30 Ib of a gas. A pressure gage attached to the tank reads 12 
psi when the gas temperature is 80 °F. There is some question 
‘as to whether the gas in the tank is oxygen or helium. Which 
do you think it is? Explain how you arrived at your answer. 


8 _ weight 9804 
Density f Gas in tank a . a xX volume (422 Ft )@ $23) 
Sx 


wd 
Slugs 
ALL x ID ee 


Sjnce ald ma with p= (s271#7) poe 


( atmosphené pressure assumed + 4 & 14-7 psia ) 
and with T= (oF +4to)*e tt Allows tht 


Ib in 
E (247 ine He ) 2/2 slugs 4) 
2 (S¥0R) I 


Frem Table 7 RS L55%Xx 10" for oxX¥gen 


tnd f= 7,242 n07 FS Ay helium 
514g’ °R 


Thus, from £g.t) i# the Gas 1s Oxygen 


~ mee slugs “Fj 
i = “SSX |p slug 
ee L554 HI03 feF # fé3 


and tev Felium - 
p> TF. #2. = £73 X10 roe 
L24¥2x10 * 


/t Comparisoe of These Values with The actual dens;ty 
of tne Gas in The tank imadscates That The 


Gas rnust be Ok y gen. 


eo 


1.40 A compressed air tank contains 5 kg of 
air at a temperature of 80 °C. A gage on the tank 
reads 300 kPa. Determine the volume of the tank. 


WNASS 
volume = ca 


kg. 


am? 


ia P . (Beor 101)*10 Fre = 396 
RT = (azh.9 2 )[(s0°C + 273)k] 
heyK 


_ et we Lee on 


volume = cs 
29, ®# 
7 


1H A rigid tank contains air at a pressure of 90 psia and 
a temperature of 60 °F. By how much will the pressure increase 
as the temperature is increased to 110 °F? 


aveay ioaeenanes 
iakiman itn SEeRaOE Nan op (&q. 1.8) 
| 


for a rigid closed dank The alr Mass auel 


Volume Are constant Jo f= Constant. Thus, 


from & é ey As g lw wsiTn R Constant) 

| | ty a fe =| | 
pares mee opie, “4 = 60 oF +Ub0 = 520°R 
and ig | M0°F +60 = $70 R. aaa &%. o) 


Vem \ 7 | | 
= = aed An _ — ) (0p sta) = 78.) psta 
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1.42 The helium-filled blimp shown in Fig. P1.42 is used at var- 
ious athletic events. Deterinine the number of pounds of helium 
within it if its volume is 68,000 ft? and the temperature and pres- 
sure are 80 °F and 14,2 psia, respectively. 


W=SV where V=68 oooft and dz CF = (P/RT) 9 
Thus, 


a= finn HB, (me (1242 x0” SE, (504 460) 1 2. 2 tt) 


= 9,82 x)0° SL ( |ib/( slog l/s%)) = 9, 62410 45 


Hence, 
W 2982x107 °, (68,000f17) = 668 Ib 
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Master Typing Sheet 
10% Reduction 
8 1/2 x 11 trim ize 


RE 


(abs). 


} 


po sa ie | Pp 


| | | uhere p is absolute 


SNwSE 2 gar? Inn Om Then — 
eeaeceazsseveetsees? gt casi? 


| 
2 eas a Ea This program calculates 


cor is Lee gas, ; 


p= pet 
pee 


LI *1,.43 Develop a computer program for calculating the density 
- of an ideal gas when the gas pressure in pascals (abs), the tem- 

; perature in degrees Celsius, and the gas constant in J/kg - K are 
specified. Plot the density of helium as a function of temperature 

from 0 °C to 200 °C and pressures of 50, 100, 150, and 200 kPa 


ds absolute] temperat tp 


a 


the densi 


of an ideal gas 


| 

rescue R Piklaatee COAS shade: quad T 
re, Thus, 1 Te tempera ture 

Eee | | 

ale 


when the absolute pressure in Pascals, the temperature 
in degrees C, and the gas constant. in-J/kg-K are specified. 


_ |To use, replace current values with desired values of 


temperature, pressure, and gas constant. 


CoA C D 
Lo Pressure, Temperature,|Gasconstant,| Density, | = = — | 
Pett |_ Pa °C Jikg-K kg/m* 
| | | 15 286.9 123 | Row 10 


Senn teraiast 


Formula: 
=A104(B10+273.15)*C10) 


fee Beal Cale 
sapenl Secgcleaidgurs can Hi 


a0 


ana | 


Pet 


fr : P= Baad p rissa tse 
Rs "287 J/kg: k 


J/kg K 


,| Gas eat Dens 
se 


A spontha (ce pro regram for caleu latins pA Lalleaie 


The density of helivm jis plotted inthe graph below. 


Density of Helium 


pp = 299 kPa (abs) 


= 150 


= |/00 


§0 


1.45 For flowing water, what is the magnitude of the velocity gra- 
dient needed to produce a shear stress of 1.0 N/m”? 


where =/,/2 «lo 2S and Tr 210% 


_ 1.0 DA 
LI2x 1073 MS 
m+. 


= $93 = 


1.46 Make use of the data in Appendix B to determine the 
dynamic viscosity of glycerin at 85 °F. Express your answer in 
both SI and BG units. 


3 (T,-32)= £ (95% -32) = 24.4°¢C 


From Fig &/ in A ppendiz B: 
Va ces i PSF (2440)) = 0.6 VS (Sr units) 


28 Me 
pe = )h3x/0 es 5° (86 nik) 


fm > 
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1.47 — One type of capillary-tube viscometer is shown in 
Video V1.5 and in Fig. P14). For this device the liquid to Glass 

be tested is drawn into the tube to a level above the top strengthening 
etched line. The time is then obtained for the liquid to drain “mee 

to the bottom etched line. The kinematic viscosity, v, in m?/s 
is then obtained from the equation vy = KR*t where K is a 
constant, R is the radius of the capillary tube in mm, and ¢ 
is the drain time in seconds. When glycerin at 20°C is used 
as a Calibration fluid in a particular viscometer the drain time 
is 1,430 s. When a liquid having a density of 970 kg/m? is 
tested in the same viscometer the drain time is 900 s. What 
is the dynamic viscosity of this liquid? 


Etched lines 


U= KR"t m FIGURE Pie 
For glycermn @ 20°C V= L19x am, 
hit xia = ber'1 430 s) 
LR? 8.32x)0' mf 
For unknown ligurd with t= 700s 
“Is ix 22x10 m*/s*) (G00 s ) 
= 749 x)0°? m*/s 
Since Jee Pe 
(470 *apa(T4¥9xio' ms 


= 0.727 2% = 0717 M3 
fm: 5 m= 


I 


| 
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1.46 The viscosity of a soft drink was determined by using 
See a capillary tube viscometer similar to that shown in Fig. P1.47 
[| and Video V1.5. For this device the kinematic viscosity, v, is 
directly proportional to the time, ¢, that it takes for a given 
amount of liquid to flow through a small capillary tube. That 
is, y = Kt. The following data were obtained from regular pop 
and diet pop. The corresponding measured specific gravities © 
are also given. Based on these data, by what percent is the 
absolute viscosity, 4, of regular pop greater than that of diet 


pop? 


Regular pop Diet pop 
ia t(s) 377.8 300.3 
SG 1.044 1.003 


Mees “Paiet 
ee: 
“See Dah, vad, ee 
7H Padows bia yt 


Bs Gasesdeeescelsie7"ereoee 
ofp greater = iauuicas 


th qreeber = 


x loo 
ae cae Sie Jalge 


le $C. 00) 


i 


a SS ee eo 


1.49 Determine the ratio of the dynamic vis- 
cosity of water to air at a temperature of 60 °C. 
Compare this value with the corresponding ratio 
of kinematic viscosities. Assume the air is at stan- 
dard atmospheric pressure. 


From Table 32 1 A ppendiz B: 


= i er 
(for water at bo°C) f* = 4665 x10 "Ms U/ = 4.745 x10 a 


From Table &.4 in Appendix B: 

= “5 2 

(fr air at 60°C) Pt = 147410 * Ms j V= 8b x/o = 
Thus, Ze 

Muyo _ tbbSxl0 _ 4 


3.7 
Jat L497 «tos. 


~-7 
Ving - BT *IO . gesxjo°? 
Vasy 8b x10~7 So 


fra? 


Master Typing Sheet 
10% Reduction 


$ 1/2 x 11 trim size 


| 


SCE | fie, DoE ia ere ee / i ae eI Peary 


1.80 The viscosity of a certain fluid is 5 x 
10-* poise. Determine its viscosity in both SI and | 
BG units. 


=, Wis 


From Appendix Ex fo = / poise, Thus, 


2 (sn"peise ) (10 UE Jw 52107 
ett fe ae ss as 


and From Table I. 4 


~ “FN. ra ies 77 thes 
fe (bx 10° MS) (4,084 x10” Fee) = 10.4% [0 


1.5{ The kinematic viscosity of oxygen at 20 °C 

- and a pressure of 150 kPa (abs) is 0.104 stokes. 
Detennine the dynamic viscosity of oxygen at this 
temperature and pressure. 


Ee aang 


#P ~ 150x103”, 
Secale iaMSbs <3) SsimGheccaonye: 15ar 2 Tenamepeme EE AY as 
A (254, oe )[(ceo’e +273) k| es 
| : 
w= 0./o4 stokes = 0.J0o% & 


ft fe = (0.004% SE) (10) (1497 a 


=f" z 
= £.05 «/0 Az 25 Ste a 
Anes 
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* 
-*1:52 Fluids for which the shearing stress, 7, is not linearly 


}-+4-4 related to the rate of shearing strain, y, are designated as non- — 
i” Newtonian fluids. Such fluids are commonplace and can exhibit 
unusual behavior as shown in Videw V1.6. Some experimental 
data obtained for a particular non-Newtonian fluid at 80 °F are 
shown below. 


aie 7(Ib/ft?) | 0 | 2.11 | 7.82 | 18:5 | 31.7 
y¢°') 0 50 100 150 200 
Plot these data and fit a second-order polynomial to the data using 
| a suitable graphing program. What is the apparent viscosity of 
| this fluid when the rate of shearing strain is 70 s~'? Is this 
_ apparent viscosity larger or smaller than that for water at the 
same temperature? 


Rate of | Shearing 
shearing _ stress, 


strain, 1/s {b/sq ft i 40 ~ + 0,0035 ¥ 
0 0 a 
re] z 
‘ 50 2.11 30 | 
400 7.82 # 20 | 
150 18.5 Be 
200 31.7 ee 
& 9 = 
2 
2 0 50 100 150 200 250 
Rate of shearing strain, 1/s 


Heda “the graph Piz 0.00088 *4 0.00358 where 
CD 4s the shearing s ress. Th (b/£t* and Y ys the rate 
e toi strain in coeds al 


parent 2s Caylee s aa 0. 0035 pet aes 


een P | | + | | | 
HH op ae eel gPer ett satis 
E | | Happannt (2)(0.0 0008 fe) = )(T3 Ss “)+ + 0.0035 — ag ok | 


| | Sotto tas 


=F bes 


Fiom ea Bl Saat at prabs meee tee AT9/ KIO Pee, 


Since wacker Fs W wan tiara tAis Value 1s 
/ dependent of x oe Th unknown ANon- New £onan | 
ans Flurd has a much fier va lue. | - | 
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53 Water flows near a flat surface and some measure- 

;>————— ments of the water velocity, u, parallel to the surface, at different 
__ |___ heights, y, above the surface are obtained. At the surface y = 0. 
|. After an analysis of the data, the lab technician reports that the 
|. velocity distribution in the range 0 < y < 0.1 ft is given by 


u = 0.81 + 9.2y + 4.1 x 10° 


__ | -) with w in fs when y is in ft. (a) Do you think that this equation 
——.-|-... would be valid in any system of units? Explain. (b) Do you 
__ | sthink this equation is correct? Explain, You may want to look 


| at Video 1,4 to help you arrive at pour answer. 


es HO. gl #9. 
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1.54 Calculate the Reynolds numbers for the flow of water 
and for air through a 4-mm-diameter tube, if the mean velocity 

_ is 3 m/s and the temperature is 30 °C in both cases (see Example 
1.4). Assume the air is at standard atmospheric pressure. 


For water at 30°C Ctra Table B22 sa Appendix B): 


ea ee 


a _ oe Wee 
of Po GGET <2, x > L275. x40 ee 
rt oe ee (9795.7 2) (3 ) (2.004 m) - 

re 72995 «jot Ms - 
ood ella fron 
Her For atr at fo'c ( from Table 6.4 ia Appendix B): 
- hy *: 7s Abs 
PEE / = 1,168 4 Vai = /,% x/0 yout 
EE ae pvod _ (1, 1b$ 26) (3 FZ ) (4.004 am) - 
Via HOS xin Mis 
F a al 
Lo SENGass ————_—_—_|—______ =e Si ee 
Ee Pe — ~ | | a 
L as! 1 eee 
| seeal 
=e I -| - 
| | | 
Bazosazasevesatatsenprazaverscesenses 
{ | | 
a H ; ae = 
| | 
soasa amas seveu tame messi eesresr acess 
| 
Seanad geens Cot UEes estes mall 


1.55  Forair at standard atmospheric pressure 
the values of the constants that appear in the 
Sutherland equation (Eq. 1.10) are C = 1.458 x 

10-° kg/(m-s-K'*) and S = 110.4 K. Use these: 
values to predict the viscosity of air at 10 °C and 
90 °C and compare with values given in Table B.4 


in Appendix B. 
an - 3 
~ Bats (1.459 x10 °—*2__ ) 7% 
fee = ! ererare | 
| T+ Ss ———__———reanan_—. 


T + 110.4 K 


T= f0°C = —(o*t'+ arpic = 28315 Kk , 


wé 3), 
(1.459 x10) (283,15 k : 
= (tee ip” Nes 
AS3,1ISK + [10,4 EEE eat 


“m > 


From Table OF es Lo x10” Mes 


For T= Fore-= FC + ABNF + 363. 1K 


| 


i fe 
(1.458 x1o~°)( 363.15 K) * _s 
P ie = 2./3X10 Ms 
$63.45 Kk +e 110.4% ee 


From Table 8. uf Va = J /4x)07° Ns 


fm % 
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1,56* Use the values of viscosity of air given 
in Table B.4 at temperatures of 0, 20, 40, 60, 80, 
and 100 °C to determine the constants C and S 
which appear in the Sutherland equation (Eq. 
1.10). Compare your results with the values given 
in Problem 1.55, (Hint: Rewrite the equation in 
the form - sail 


and plot T°/u versus T. From the slope and in- 
tercept of this curve C and S can be obtained.) 


Eguation 110 Can be written in The form 
— | Sy 
- =(<) ne Cc (/) 
and with The deta from Table BY: 
, 


T(<) Tk) pose?) — Tn (1 Cdsfu-s)| 


AT. IS 11 107° 2.64010" 

A943. 16 Le2x107° 2.758x 198 

313,15 L&7X 10 ~ 2.963108 
60 333. /5 197 se 3.087 X 10 : 
80 35315 2.07 x Jo” 2, 206Xx10 ; 
/00 37315" airs 3. 322x110 


A plot ot 7 vs. T 18 shown below: 
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(cont ) 
[~45 


Since The deta plot as an approximate straight line, 


Foti) Gan be represented by Qu CguatiOn of the 
form 


Y= bx re 
Where Gn Tu J x~T, br Yo, ana aw Sie. 


Fit the data +o a Inear eguation using a 


Standard curve ~4i Hing pro Fram Such as found 
In EXCEL. Thus, 


OG b.969x lox + J, 4y/ x 1b! 


=h= 6.969x/07 
ays 4 
C= L¥3 x/0 bi fms» K™) 


v9 
é 


and 4 
7 “ys x 10 
and Therefore 
S707 kk 


These Values i C and 5 Qre In good agreement 
w/7rh Values given in’ Problem 1 S55. 
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The viscosity of a fluid plays a very smimacant caret in 
determining how a fluid flows. (See Vidco V1.3) The value of 
the viscosity depends not only on the specific fluid but also on 
the fluid temperature. Some experiments show that when a 
liquid, under the action of a constant driving pressure, is forced 
with a low velocity, V, through a small horizontal tube, the 
velocity is given by the equation V = K/,. In this equation K 
is a constant for a given tube and pressure, and p is the dynamic 

viscosity. For a particular liquid of interest, the viscosity is given 
by Andrade’s equation (Eq. 1.11) with D = 5 x 1077 Ib: s/ft’ 
andB = 4000 °R. By what percentage will the velocity increase 
as the liquid temperature is increased from 40 °F to 100 °F? 
Assume all other factors remain constant. 


Vieo® _ i) 100 
Vi. 


Vito" 


ch Increase In Lvs | 

sansa aie 

and from Fqii@@) 

| ame? & Incvease In VY =) _ aI Las Lows —1 | *100 
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Cote | | Yooo 
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*1.58 Use the value of the viscosity of water 
given in Table B.2 at temperatures of 0, 20, 40, 
60, 80, and 100 °C to determine the constants D 
and B which appear in Andrade’s equation (Eq. 
1.11). Calculate the value of the viscosity at 50 °C 
and compare with the value given in Table B.2. 
(Hint: Rewrite the equation in the form 


1 
Ing = (B)> + InD 


and plot In uw versus 1/7. From the slope and 
intercept of this curve B and D can be obtained. 
If a nonlinear curve fitting program is available 
the constants can be obtained directly from Eq. 
1.11 without rewriting the equation.) 


£300 tion LH Gan be written in the form 


and with the cele trem 
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60 333.5 
So 255. 15 
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R665%0* —T7. bie 
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2.818 ¢107 - 8.174 
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Since the data plet as an approximate Stragnt 
line Eg. 01) Can be used to represent These outa. 
To obtain B ana dD fit the date to an bx 
exponen tia / £4 uation of the form Y=Ae 
Such as fund 14 EXCEL. 


Thus, . 

Daa = 1.767 xX)0 sla 
and 3 

B= h= “L&IKh K 
so That , 1870 

fer bIe7 x10 @ 
At 50°C (323.15), 

A (870 ae 
fe kye7 tie” 2 RO = SFE sf? 


From Table f.2, We. ea, HoPX IO. s/yg™ 


1.59 Fora parallel plate arrangement of the 
type shown in Fig. 1.Sit is found that when the 
distance between plates is 2 mm, a shearing stress 
of 150 Pa develops at the upper plate when it is 
pulled at a velocity of 1 m/s. Determine the vis- 
cosity of the fluid between the plates. Express 
your answer in SI units. 


J- $0 


1.60 Two flat plates are oriented parallel above a fixed lower plate 
as shown in Fig. P1.60. The top plate, located a distance b above 
the fixed plate, is pulled along with speed V. The other thin plate 
is located a distance cb, where 0 < c < 1, above the fixed plate. 
This plate moves with speed V,, which is determined by the vis- 
cous shear forces imposed on it by the fluids on its top and bot- 
tom. The fluid on the top is twice as viscous as that on the bot- 
tom. Plot the ratio V,/V as a function of cforO <c <1. 


For constant speed, V,, of the middle plate, the net force 
onthe plate is 0. Hence, Fy, = Fhottom, where F= TA. 


Thus, the shear stress on the top and bottom ot the plale 
must be equal, 


-y a u) 
tg : vere Where ap dy | 


For the bottom flvid St = Ve while for the top fd $Y = CEU) 
Hence, from Eqn. (1), 


ot V, 
a =Yhi- , which can be written as: 
2cV -2cV, =Vi-cl) 
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1.61 There are many fluids that exhibit non-Newtonian behavior 
(see, for example, Video V1.6). For a given fluid the distinction 
between Newtonian and non-Newtonian behavior is usually based 
On measurements of shear stress and rate of shearing strain. As- 
sume that the viscosity of blood is to be determined by measure- 
ments of shear stress, 7, and rate of shearing strain, du/dy, ob- 
tained from a small blood sample tested in a suitable viscometer. 
Based on the data given below determine if the blood is a New- 
tonian or non-Newtonian fluid. Explain how you arrived at your 
answer. 


7(N/m*) | 0.04 re | 0.12 | 0,18 | 0.30 Es | 1,12 | 2.10 

du/dy (s-') | 2.25 1.4.50 | 11.25 | 22.5 | 45.0 | 90.0 | 225 | 450 
For « Newtonan Fluid the ratio of t 4 du/dy ss & 
Constant. For the data given ® 


2 , 
CN -s/mz) 0. 0178 | 0.0133 |0. 0/07 | 2.0080| 0.0067 | 0.0058 |0.0050 | 0.00%] 
du fd | | | 


The ratio 1s net a Constant but clecreases aS the rate of shearing 
Strain smereeses. Thus This Fluid Lblood) 18 &% ron-Wewtonan Fluid. 


A plot otf the data & Shown below. For a “Wewblonian Pluid The 
Curve would be a straight line with a slope of / to I. 


for Newtonian fluid 


mimo ab H 


(du : = My 
Note ' r=ul3y) , Where a=! for a Newtonian fluid. 
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1.62 The sled shown in Fig. P1.62slides along on a thin 
horizontal layer of water between the ice and the runners. The 
horizontal force that the water puts on the runners is equal to 
1.2 lb when the sled’s speed is 50 ft/s. The total area of both 
runners in contact with the water is 0.08 ft’, and the viscosity 
of the water is 3.5 x 107*Ib s/ft?. Determine the thickness of 
the water layer under the runners. Assume a linear velocity 
distribution in the water layer. 


HBFIGURE P1.62 


P Beare = +A 
V Where ef = thidéness of water layer 
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1.63 A25-mm-diameter shaft is pulled through 
a cylindrical bearing as shown in Fig. P1.63 The 
lubricant that fills the 0.3-mm gap between the 
shaft and bearing is an oil having a kinematic 
viscosity of 8.0 x 10-4 m?/s and a specific gravity 
of 0.91. Determine the force P required to pull 
the shaft at a velocity of 3 m/s. Assume the ve- 
locity distribution in the gap is linear. 


rD «x (shatt length in hearing ) = wos 


(velocity of shaft) _ V 
22 = eee AG 


BY) That 


Pp: $)(ro2) 


Since, fae = POSEN og ye by 


2 aoa" 2* oar 101 MY3ENr) (0025 Nosu) 


(0.0003m ) 


= 28. WN 
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0.1 mm gap 


1.644 A 10-kg block slides down a smooth in- 
clined surface as shown in Fig. P1.64. Determnine 
the terminal velocity of the block if the 0.1-mm 
gap between the block and the surface contains 
SAE 30 oi! at 60 °F. Assume the velocity distri- 
bution in the gap is linear, and the area of the 
block in contact with the oil is 0.1 m2. 


FIGURE P1.64 


ZF, =O a -_ 
Thus, (bh, 
Vw 


W sin 20° = TA 


Since 
Te Va v ) where b us film Thickness , 


W sin do“ = we A 


Thus, (wits w=mg ) 
ae b Wf Sin 20° _ (0.0001 m )(1043)(4.31 2 Min 20°) 


ios (0.38% Votan) 


= “mn 
= O.O8S3 <= 
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1.65 A layer of water flows down an inclined 
fixed surface with the velocity profile shown in 
Fig. P1.65. Determine the magnitude and direc- 
tion of the shearing stress that the water exerts 
on the fixed surface for U = 2 m/s and hk = 
0.1 m. 


FIGURE P1.65 


Thas, at the trxed surtace (y=0) 
du ae 
0 5c _® 
Jo That 
-3 \, ie 2 | 
T= (2) = (.1a x10 ws (a) Pe 


=> £49 x lo” roe acting in direction of flow 
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*1.66 Standard air flows past a flat surface and (a) Assume the velocity distribution is of the form 
velocity measurements near the surface indicate = Cee Cy 
the following distribution: neigh 
y (ft) 0.005 | 0.01 | 0.02 | 0.041 0.06} 0.08 and mad a standard curve-fitting technique to de- 
termine the constants C, and C,. (b) Make use 
u (ft/s) 10.74 11.51 1 3.03 16.37 1 10.21 1 14.43 of the results of part (a) to determine the mag- 
The cvordinate y is measured normal to the sur- nitude of the shearing stress at the wall (y = 0) 
face and uw is the velocity parallel to the surface. and at y = 0.05 ft. 


(a) Use nonlinear regressien Program 
fo obtain Coe rcvends C, an’ C,. The program produces 
least sguares estimates of The parameters of a noniineer 


Model. For the data FIVER, 


/ 


2 
C= 153 5s ac 6.4 #350 fe 5” 


/ 
(6) Since, 


it tolbus that 
(ites ‘as . 36, 4°) 


Thus, at The wall (y=0) 
1s 


Te Ke, = (3.7%x 10" ae )lissz]) 7 Soma es 


2 
to(am av HS)[isad + 3 (4350 24, )looste) | 


~5 T/|b 
= ‘ GY x10 Ft» 
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1.67 A new computer drive is proposed to have a disc, as shown 
in Fig. P1.67. The disc is to rotate at 10,000 rpm, and the reader 
head is to be positioned 0.0005 in. above the surface of the disc. 
Estimate the shearing force on the reader head as result of the air 
between the disc and the head. 


Stationary reader head O2:inaia. 
os le 
10,000 rpm iB 


( 


m@FIGUARAE P1567 


Rotating disc 


= shear force on head =TA , where, if the velocity protile 
in ah gap between the disc and head js linear and uniform 
across the head, then 


du UV 
Ve Moy == , where 
£ v 10) / 27 rad 
V=wR= 10 000L Smut) a) (Su) srk 


min Trev 


Th Us, 
T =(3,74x/0 


so that 
f= thes (1.57 q) 2 (22H) = 343x100 


77 lbs) 17s 
Fi? o,005 r4) 


‘ 
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Fixed 

outer 
cylinder 

Liquid 
1.68 The space between two 6-in.-long concentric cylinders is 

filled with glycerin (viscosity = 8.5 X 107*lb-s/ft*). The inner 
cylinder has aradius of 3 in. and the gap width between cylinders 
is 0.1 in. Determine the torque and the power required to rotate 
the inner cylinder at 180 rev/min. The outer cylinder is fixed. As- cis 
sume the velocity distribution in the gap to be linear. Rotating 
inner 
cylinder 


Z 
y 
y 
y 
Z 
y 
y 
y 
y 
y 
y 
Z 
y 
y 
y 
Y 
Z 


N 


Torgue, d <p due to shearing stress 
On /HHeFr cylinder 15 9 wal fo 
dT= P; TaA 
where JA = (R: da@)h, Thus, 
aT= R°LT de 
and forge reguired to rotate 


[nner cylinder is 


T= R ‘er [ee = arR ht hl 
(L~ cylinder length ) 


For a linear velocity distribution in the Gap 


q w= (180 FE’ )(ar oe | wat ay (ad 
ne ween G ate rev /'!G05 s 


= 0,944 Ftd 
we — ft) 


Since Power = Txt) ct Lllows That 


Power = (0.944 fi-lb)lem 84) = 178 7E4 
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1.69 A pivot bearing used on the shaft of an electrical instrument 
is shown in Fig. P1.69. An oil with a viscosity of «4 = 0.010 1b-s/ft? 
fills the 0.001-in. gap between the rotating shaft and the station- 
ary base. Determine the frictional torque on the shaft when it ro- 
tates at 5,000 rpm. 


Lei d= torgve onarea element dA, 
where dA=-207rds = 27r meat 


Thus, or 

diver dF- rT dA where repay Ca 

so that, 

df =r (44) (22rdr /sin 8) 
_ 27a 
ee rdr 

Hence, r2R 

Te (do = OAS (r%dr = Taw p% 


b sin®@ 2hsin@ 


Now 


4 


; ihe = 
R=0./in. , b =0-001in,, = 9010 = , 6=30deg and 


w= sot Gan at) « san 

Thus, bos Fo. (0), 

o. ree rad ) ( 2d)’ = 953x107" Fb 
oom" FH) sin 0" recente 
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1,70 
1.70 The viscosity of liquids can be measured through the use of a Fixed 
rotating cylinder viscometer of the type illustrated in Fig. P1.70. In 
this device the outer cylinder is fixed and the inner cylinder is rotated 
with an angular velocity, w. The torque J required to develop w is 
measured and the viscosity is calculated from these two measurements. 
(a) Develop an equation relating p,w, J, €,R,, and R, Neglect 
end effects and assume the velocity distribution in the gap is lin- 
ear. (b) The following torque-angular velocity data were obtained 
with a rotating cylinder viscometer of the type discussed in part (a). 


Torque (ft - Ib) 13.1 || 26.0. |, 39.5 


Angular 
velocity (rad/s) 


outer 
cylinder 


Liquid 


52.7 | 649 | 78.6 


6.0 


For this viscometer R, = 2.50in., R; = 2.45in., and € = 5.00 in. ; 
Make use of these data and a standard curve-fitting program to de- 
termine the viscosity of the liquid contained in the viscometer. Sie Wise 


() Forgue, AT, due to shearing stress 
on s/4heFr cylinder 13 eg ual p> 
a= BR THA 
where JA =(k- dO) 2, Thas, 
dT= R°LT de 
and forgue reguired to rotate 


fAner cylinder Is = 
2 2 
ve RF; 4 r [46 = 27% Ll oe 


For a sinear velocity distribution in the Gap 


(L~ cylinder length ) 


ee e } s 
; Z R -R¢ i it 
on OFF SP w 
a (1) 
R=; 


lb) Thus, for G + dae geometry 
and a given Viscosity , Eg ui) is of The form 


y=bx C9°D ant xaw) 
Where 6b 15s «4 Constant gual fo 


(con't) 
I~6| 


(2) 


To obtain, b dod the date + GQ lineer Lgustion 
of the form 4=bx using & stan davd curve-fi tHtins 


Program Such 45 Sound 7a EXCEL. 


Thus trem £9 (2) 


_ (6) (Ro- Fi) 

ey ar RR 
and with the data given, b= 13.08 FEIbs , Se thet 
(13,07 Fe-tbrs )( 250-245 a 


ar (295. f4)° (22° #2) 


= 3.45 jes 
a ao 


Lv 


1.71 A 12-in.-diameter circular plate is placed over a fixed Rotating plate 
bottom plate with a 0.l-in. gap between the two plates filled : 
with glycerin as shown in Fig. P!.7/, Determine the torque 
required to rotate the circular plate slowly at 2 rpm. Assume 
that the velocity distribution in the gap is linear and that the 
shear stress on the edge of the rotating plate is negligible. 


0.1 in. gap 
2 


®= FIGURE P1.71 


Torgue,dT , due 4o shearing stresses 
on Plate 1s egual +o t 


atek CH 
td herve JAz< 27Kd>b. Thus, 


dy 


AT: b+ TT 2rrdr 


Gnu R 


aes oy p 2 T ap Stresses acting on bettom of plate 


(e) 


: d —»> /= FW 
Dince T= KM wi ) 4nd hr a 4, m - 
linear Velocity distri bution Csee figure) ame. 
= rw du av . Vio 
uAS dy § S$ 
Thus, RK y Velocity distribution 


ay (rin 0/8) 


Qha with The dete given Ts. 
ay ai (0.0313 Ss 2M rer Nar tnd ) ee a 4) 


aa ! 44)C4#) 


= 0.0772 f4-U 
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1.73 Some measurements on a blood sample at 37 °C (98.6 °F) 
indicate a shearing stress of 0.52 N/m? for a corresponding rate 
of shearing strain of 200s~'. Determine the apparent viscosity 


of the blood and compare it with the viscosity of water at the 
same temperature. 


N 
0.52%. 
Zoo ae 


From Table 8.2 in Apwend'y B: 
@ 30°C y= 1.05 xio 


tm* 
6 - 
@ WoC M,,7 6524 x0 Ms 


Thus, with linear interpolation 


mm : 
) My fi") - 6.96 X Ip Ms 


/yn*- 


ana 


— N. 

Molec - 26.0 XId a 
Puzo bb. 9% X10°*_N-s 
(m* 
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1.75 A sound wave is observed to travel through a liquid with a 
speed of 1500 m/s. The specific gravity of the liquid is 1.5. De- 
termine the bulk modulus for this fluid. 


where 0 =S6P,, and SG=15 


? 


Thus, 

Ey C10 =o S60 py 
=(15002) (),5) (979 =) 
= 3,37x/9" Kan, 


or 9 mM 
E yp = 3.370 as 


|-65 


1.76 Estimate the increase in pressure (in psi) 
required to decrease a unit volume of mercury 


by 0.1%. 


= . df 
Ee dP /y ( £. 11/2) 


#. 47 _ 
os = ~ (4x HL 0, cor) 


4/4 x /0 f pse 


1.77 A 1-m? volume of water is contained in 
a rigid container. Estimate the change in the vol- 
ume of the water when a piston applies a pressure 
of 35 MPa. 


._ 
dy (Eg. /12) 


~¥V¥ AP __ CI m3) (35x10'%, ) 
AY «& E sli ) ame = _ 00/63 mm" 
Vv AI5 x 107M 
fn 


EF 


Cecrease in volume x 0. 0/63 m3 
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J.78 Determine the speed of sound at 20 °C 
in (a) air, (b) helium, and (c) natural gas. Express 
your answer in m/s. 


c= VRRT (Eg. 120 ) 


With T= 840°C tA7T3 = 293k: 


C@) For as =|/(L40) (2,72 = 
or aire € | ° (2 Ex )aee) 343 
(b) For helium, C= | se)(a077 2, (a3) = jojo % 
(¢) For natuml gas “ = 
mm £ (A31)(s7e 3) lank) = 445% 
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1.79 Air is enclosed by a rigid cylinder con- 
taining a piston. A pressure gage attached to the 
cylinder indicates an initial reading of 25 psi. De- 
termine the reading on the gage when the piston 
has compressed the air to one-third its original 
volume. Assume the compression process to be 
isothermal and the local atmospheric pressure to 
be 14.7 psi. 


For isothermal compression, =constant 50 Thet 


sy Sr ee Where t~ Initial state Gna 
fe Lf f~ fiml state , 


é 


Thus, 


Since = Giese (e . tathal volume 
Cc vole, © faa! Gane” 3 re for Constant mass) 


and Therefore 
a (3)((a5 + 1%.7) psi labsyJ= 11%  psé Cabs) 


or 
eG (gage) = (119 14,7) pai = 104 pse (gage ) 


|. 80 


1.60 Repeat Probjem 1.74 if the compression 
process takes place without friction and without 
heat transfer (isentropic process). 


For sen tropic compression , Fs constant so that 


z 
ae | 
ar = rx where &~ initial state and 
é oe Lr final state. 
Thus 


4-(4) 


Sinee ee ae Je. tathal volume _ 
ye Volume ? A final volume J for i ) 


and there fore 
#0 
% = (3) [tas+ 14.7) pst labs)] = /d4¢ ps (bs) 


RP (gage) = /84,.8-/47 = /70 psé (gage) 
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1.8) Carbon dioxide at 30°C and 300 kPa absolute pressure 
expands isothermally to an absolute pressure of 165 kPa. Deter- 
mine the final density of the gas. 


For ssothermal expansion , y. = constant so Wat 


F. : PE Where 
A A 


t~ ynstial state and 
fetal state. 


3 

Ae _ = 300x10 x, > eae 

k’Ty.. f a e i fy 3 
Z (183.4 isk )|[Ge cra73)k] 


fos #f Ae ) = 293 28. 
300 & Pa. |e il a 


78 


1.82 Natural gas at 70 °F and standard atmospheric pressure 
ot 14.7 psi (abs) is compressed isentropically to a new absolute 
pressure of 70 psi. Determine the final density and temperature 
of the gas. 


For /sen tropic Compression P= constant so That 
y) fR 


Where vn inital state and 
f~ fino/ state. 


U/ ny 2 . : 
17 ie MC = (24 «Jo Slugs 


3,099 x10 3 FbM a ‘ fe? 
( Shug? Ih (70% + 40) | 


| 
| 73 a 
10 f3'labs) (1.29 x pn sues) = 425 xJ0 slugs 
/4,7 psc labs) tt? Fe3 
pe = (ro # 4 ee . 


iz R 3 slugs 3 Lt lb 
425° 4 ‘ 1p GEE 
[425° x10 lf OFF X 10 eee | 


765 %0Q 


1652 - Gp = BOS or 


}-7! 


1.83 Compare the isentropic bulk modulus of 
air at 101 kPa (abs) with that of water at the same 
pressure. 


For ace (&9, 117), 
E,=&fp = (/40) (lo x 03k, ) = L4&/ «10° RB 


For water (Table le) 
By = Fe ge 15." fe 


Thus, 
9 
ee (water ) z= BAS a tO Fa 


= ——=zs = A Fania" 
oa (air) 141% 10°F; ————— 
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# P Nae bo eee 
*1.84 Develop a computer program for cal- 


culating the final gage pressure of gas when the 
initial gage pressure, initial and final volumes, 
atmospheric pressure, and the type of process 
(isothermal or isentropic) are specified. Use BG 
units. Check your program against the results ob- 
tained for Problem 1.79. , ae 


For com pression er CXpansion, 


ie 
—=,- Constant 


where #=/ for ssoThermel process,and #2 specific heat vatio 
for istntrepic process. Thus, 


A>. 
Br AP 


a ‘y F 
Where ta initial state , £~ 4inq/ stole , so thet 


2 
i) 


“/) 
Since _ mass 
~ Volume 
then CA ws, whe 
fe Me 
uw here yy, V., ave The inthial and tine! volurnes, vespectively. 


Thus, trom 9 (1) 


k 
= op We! 
Gee * oe LG ,# Te) 
Where the subscnpt d refers to Gage pressure . 
can be written as 
Y,: 


gh 
iy * (F) ty * tens) eae C3) 


(2) 


E guation (2) 


A spreadsheet (Excet ) Program for Calculating 
the tina! Gage Pressure follows . 


(cont ) 
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This program calculates the final gage pressure of an ideal gas when the 


process or k = spe = ic heat for isentropic process. 


Bi ee i es ee RE ee ee ee ee 
jana gage} titel Final _} Atmosphere} __fFinal gaget_ 
| pressure | volume [ volume | pressure | _—_—si| pressure[ | 
Feats) | Vi | Vi | Pan(siey | _k | myles) [__ 
ae oases er fa 
ie. == teen) pee Oe 
—— Formula: 4 =) 
| |=((B10/C10)*E10)*(A10+D10)-D10 {__ss| 


abe trom Beoblem 1.79 ave suncluded im The 
above Zable, Giving a tine gaye pressure of 104% Y pse 
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1,85 An important dimensionless parameter concemed 
with very high speed flow is the Mack number, defined as V/c, 
where V is the speed of the object such as an airplane or 


projectile, and ¢ is the speed of sound in the fluid surrounding 
the object. For a projectile traveling at 800 mph through air at 


50 °F and standard atmospheric pressure, what is the value of 
the Mach number? 


Mach number = = 


From Table B.3 in Appendix B 


ft 
= j/06 & 
Cai @ 50°F - 


Thus 


Ih 

(00 am ists) (Geet) 

A6OD MPALL2 6 OU Yc /\ 3005 7 _ 
[tOb A 


HY 


Mach number 


i 


06 


I-75 


> 


1.86 Jet airliners typically fly at altitudes between approx- 
imately 0 to 40,000 ft. Make use of the data in Appendix C to 
show on a graph how the speed of sound varies over this range. 


C= ART 


‘ i £E-Ib 
Rr &-= L¥0 and R= /7/6 Sag 
C= 490 TR 


(Ey ere 


Frem Table C.1 In Appendix C at an al titude ane 
T= S700+ 440 = SIP'R so Thet 


C= F470 | 577%. = ///l if 


Similar C4 / Culations Can be Made tor other al ti tudes 


gnd The resulting graph is shown below. 


Altitude, ft Temp.°F Temp..°R 


0 59 519 
5000 41.17 501.17 
10000 23.36 483.36 
15000 5.55 465.55 
20000 -12.26 447.74 
25000 -30.05 429.95 
30000 -47.83 412.17 
35000 -65.61 394,39 

40000-8697 390.3 


1116 
1097 
1077 
1057 
1037 
1016 
995 

973 

968 


Cc, ft/s 


0 5000 10000° 15000 20000 25000 30000 35000 


Altitude, ft 
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1.87 (See Fluids in the News article titled “This water jet is a 
blast.” Section 1.7.1) By what percent is the volume of water de- 
creased if its pressure,is increased to an equivalent to 3000 at- 


mospheres (44,100 psi)? 
Eq. 112) 
E (Es. 


—_ 4p __ 4100 fsca - 14.) Psa on uy 
Ey 31a x10F psa 


of, decrease im Volume = /41 of 


1.88 During a mountain climbing trip it is observed that the wa- 
ter used to cook a meal boils at 90 °C rather than the standard 100 
°C at sea level. At what altitude are the climbers preparing their 
meal? (See Tables B.2 and C.2 for data needed to solve this prob- 


lem.) 


When the water boils, 
Proit = for, Where from Table B.2, at T= 90°C 


fa, = 7.01x10" Ba (abs) 
Also from Table C.2, for a standard atmosphere 
p= 7.01x 10°, (abs) af an altitude of 3000 m 
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1.89 When a fluid flows through a sharp bend, low pres- 
sures may develop in localized regions of the bend. Estimate 
the minimum absolute pressure (in psi) that can develop without ‘ 

causing cavitation if the fluid is water at 160 °F. 


Cavitation may occar when the local pressure eguals the 
vapor pressure. For water at 10°F hom Table 6.1 in ApptodiB} 


z. = 474% pst (abs) 


Thas, minimum pressure = 474 psc (abs ) 


790 | — 


1.90 Estimate the minimum absolute pressure (in pascals) 
that can be developed at the inlet of a pump to avoid cavitation 
if the fluid is carbon tetrachloride at 20°C. 


Cavitation may eccur when the Suction pressuve 
at the Pump inlet eguals the vapor pressure. 


For carbon betrachlnide at LOC p= 13 BP. Cabs). 
Thas, MINI mur pressure = /3 & Fu (abs ) 


[-7@ 
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1.91 When water at 70 °C flows through a converging section of 
pipe, the pressure decreases in the direction of flow. Estimate the 
minimum absolute pressure that can develop without causing cav- 
itation. Express your answer in both BG and SJ] units. 


Cavitation thay occur th The converging sectiin of pipe when 
The pressure eguals The vaper pressure. trom Table 82 im Appenh B 
for water at ei a ar 31.2 AR Cabs). Thus, 


[Minimum Pressuve = 31,2 RR. Cabs) tn SL ynets. 


Ln 86 anits 7 
‘ainimum plessare = (32x10 \ Y5b x 1b } 


NM 
~m* 
> 452 psta 


1.92 At what atmospheric pressure will water 
boil at 35 °C? Express your answer in both SI and 


BG units. 


The Vapor pressure of weter of 35°C 1s 

5.31 4B (ebs) (from Table Ba im Appendrs B 

Using “near interpolation). Thus, (f water boiks 

at This temptratyre the atmospheric pressure must 
be egual to 5.81 4Px labs) tn SL units. En BG units, 


(5:21 x10? &, )(n4soxi0" > ) = 0. PB pst labs) 


. 
Tn> 


}-2%9 
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1.94 When a 2-mm-diameter tube is inserted into a liquid in an 
open tank, the liquid is observed to rise 10 mm above the free sur- 
face of the liquid. the contact angle between the liquid and the tube 


is zero, and the specific weight of the liquid is 1.2 x 10‘ N/m*. 
Determine the value of the surface tension for this liquid. 


27 cos 6 
h = oo hoes ‘ where 920 
Tale, 4M 3 

vhR 1.2 X10. ama (10¥10“m)(2x10°*m/2) 


2 cos@ 2. cos O 
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1.95 Small droplets of carbon tetrachloride at 
68 °F are formed with a spray nozzle. If the av- 
erage diameter of the droplets is 200 jm what is 
the difference in pressure between the inside and 
outside of the droplets? 


Aa 
p= 48 
Since OF 2.69 X10 


(Eg. Kitt } 


a 


x at b8"F(=20"C) , 
i 3 


, wv 
pe 2 (2.b9x10*% ) = 538 
loo x1o °m 


/-8| 
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1.496 <A 12-mm diameter jet of water discharges vertically 
into the atmosphere. Due to surface tension the pressure inside 
the jet will be slightly higher than the surrounding atmospheric 
pressure. Determine this difference in pressure. 


For eguilierium (see figure ), 4 
p(2rsi)= o (2 5£) 

So That 
p= 


o” 


a 


7.34 Alb 4 


~-~3 
fF xlo “mn p2R Sf 
- 12.22 Pro excess pressure 


surface tension forces ~ 250 


I~ 82. 


1.97 As shown in Video V1.9, surface tension forces can be strong 
enough to allow a double-edge steel razor blade to “float” on wa- 
ter, but a single-edge blade will sink. Assume that the surface ten- 
sion forces act at an angle @ relative to the water surface as shown 
in Fig. P1.97. (a) The mass of the double-edge blade is 
0.64 x 107? kg, and the total length of its sides is 206 mm. De- 
termine the value of @ required to maintain equilibrium between 
the blade weight and the resultant surface tension force. (b) The : eerie 
mass of the single-edge blade is 2.61 x 10~?kg, and the total w FIGURE P1.97 
length of its sides is 154 mm. Explain why this blade sinks. Sup- 

port your answer with the necessary calculations. 


Surface tension 
force 


ti 
eS 


(a) A eh a sie 


“w= Tgund Ww 


Where Q) = 1s xy God TS Ox length of sides. 
ade 


- (0.b4 X10 *-ke ) (4.9) m2) = (13H x?) (0.206 m J sind 


aioe = 6.7715 
6=245° 


(b) For single-edge blade 
~Z 

Qo = rmry 4g X ft (241 x10 bg) (G41 Ma) 

O.8Z254 N 
T sing (ox length of Linde) Sin @ 

(7.34 x 107? Nim ) (0.154 m) sin 8 
= 0.0113 sin 

In order for blade to “Lloat’ WW < Tsind. 


Dince maximum Value for sin® is | rt follows 
that 2U>T sing and single-edge blade will sink. 


ahd 
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1.98 To measure the water depth in a large open tank with 
Opaque walls, an open vertical glass tube is attached to the side 
of the tank. The height of the water column in the tube is then 
used as a measure of the depth of water in the tank. (a) For 
a true water depth in the tank of 3 ft, make use of Eq. 1.22 (with 
8 = 0°) to determine the percent error due to capillarity as the 
diameter of the glass tube is changed. Assume a water 
temperature of 80 °F. Show your results on a graph of percent 
error versus tube diameter, D, in the range 0.1 in. < D < 1.0 in. 
(b) If you want the error to be less than 1 %, what is the smallest 
tube diameter allowed? 


CAy The excess height , h, caused be the surface Cension us 
ho Ete? CEg, |.22) 
xR 
for OF 0° with D=z2R 
foe 
oD 
From Table B.{ in Appendix 8 for water at §0°F 
T= 44/ x10 * Ib/ft and 1 = 62.22 lb/ft? 
Thus from F.C!) 


c} ) 


~j lb ms 
h (£4) = & (4.9) x10 °F) = . F.79G Ate 4 (z) 
fe ) DG) 4 ‘n. 
; (62.22 Fs) 12 In. /ft pale) 
ane of, error = az x 100 (with the true clepth 
= 3 ft) 
tt follows from Fe (2) that a5 
eo error = ZIAXP x ipo 
3 DOin.) 
Din. ) 


A plot of % evvor versus tube chameter ss 
Shown on the neet page. 


(Cont 


Diameter % Error 


of tube, in. 

OA 1.26 

0.15 0.84 

0.2 0.63 

0.3 0.42 6 

0.4 0.32 rT} 

0.5 0.25 4 

0.6 0.21 

0.7 0.18 

0.8 0.16 0 02 0.4 06 0.8 1 4:2 

0.9 0.14 Tube diameter, in. 
1 0.13 


Values obtained 


from Eq. (3) 


(bh) For Sh error trom £3.63) 


fe O./26 
~ Dtia.) 
D= 0./26 In. 
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1.99 Under the right conditions, it is possible, due to surface 
tension, to have metal objects float on water. (See Video V1.9.) 
Consider placing a short length of a small diameter steel (sp. 
wt. = 490 lb/ft’) rod on a surface of water. What is the 
maximum diameter that the rod can have before it will sink? 
Assume that the surface tension forces act vertically upward. 
Note: A standard paper clip has a diameter of 0.036 in. Partially 
unfold a paper clip and see if you can get it to float on water. 
Do the results of this experiment support your analysis? 


me TL 
In erder for rod to float (see figure) 
it follows That 
2ck=Ww > (E\o)s Xs tee| 
eee i Q= rod length 
Thus, for The limiting Case 
a a 27£ 807 
Mak (ye Vote | TF Ge lont 
- I. 
= ae. 03x10 2 )| ar 
rman ~ Raa, he | 


a C490 32, ) 
= 0.06/14 In. 


Since a standard stee/ paper chp has 4 
diamettr of 0.036 in, Which is less tan 

6.0b/% In, 16 should Float. A simple experiment 
will verify This. Yes. 
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1.100 Anopen, clean glass tube, having a diameter of 3 mm, 
is inserted vertically into a dish of mercury at 20 °C. How far 
will the column of mercury in the tube be depressed? 


4: 20 Coes O 


YR ( £3. 1.22) 


for 6@= 130° 

2 CHee x10’ & ) Cas 130° 
3 

(133 x10°, )(o, oo15 m) 


Thus, Column will be depressed 2: OO tm wea 


— 


-3 
= — 300 x/D m™ 


1,10) An open, clean glass tube (6 = 0°) is inserted vertically 
into a pan of water. What tube diameter is needed if the water 
level in the tube is to rise one tube diameter (due to surface 
tension)? 


_ 20° Cos 6 
A: xR 
Sy 222k aaa @= 0" 
woe ee fo) 
YR 
-3 Ib 
- FO03XI0” Fe 
62,4 


R= $99 xi” Lk 
cliameter = ZR = 1.80 x19 ft 


- 
y 


1b 
4-3 
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1./02 Determine the height water at 60 °F will 
rise due to capillary action in a clean. {-in.-di- 
ameter tube. What will be the height if the di- 
ameter is reduced to 0.01 in.? 


£ e 20 cos@ 
xR 
For weter at 60°F ‘ie trom Table B./ th Appendix B i; 


a= S03 x10* # and oF = 6237 4, . Thus with 070, 


(Eg. /,22) 


ee R=0./25 70h. ) Bs 2 (6.03 xi £ vA ya) 


= [55x10 ft 
(62. 37 = (teh x ft) 


4 zs = % 2 [h. o : 
f = (1 55X10 ft)( ae } = 0,186 In. 
Similarly 
( for R=0.005 mm) 


O, 125 In. ~ 
4, = (0.186 in.) oe ee ) = 4°65 in. 
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1.103 (See Fluids in the News article titled “Walking on water,” 
Section 1.9.) (a) The water strider bug shown in Fig. P1.103 is 
supported on the surface of a pond by surface tension acting along 
the interface between the water and the bug’s legs. Determine the 
minimum length of this interface needed to support the bug. As- 
sume the bug weighs 10 ‘N and the surface tension force acts 
vertically upwards. (b) Repeat part (a) if surface tension were to 
support a person weighing 750 N. 


BFIiGURE P1.103 


eS 


For equili brinm F 
"y= 00 


(Oo) fy Ow _ Ip'N w 


Bee 734 x1D* AW ~ weight 
es mm Ar surface Pension 
= 1[1.34%10 ™ Q wu length of lntrface 


(i,t x1 pm) (10 2220) = 1.3L emcee 


—___. 


(b) 


f- 190N 


= 1.02 x10'm (6.34 ani Il 
1.34 x10°* —— 


3 
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1.104 Fluid Characterization by Use of a Stormer Viscometer 


Objective: As discussed in Section 1.6, some fluids can be classified as Newtonian flu- 
ids; others are non-Newtonian. The purpose of this experiment is to determine the shearing 
stress versus rate of strain characteristics of various liquids and, thus, to classify them as 
Newtonian or non-Newtonian fluids. 


Equipment: Stormer viscometer containing a stationary outer cylinder and a rotating, 
concentric inner cylinder (see Fig. P1.109; stop watch; drive weights for the viscometer; three 
different liquids (silicone oil, Latex paint, and corn syrup). 


Experimental Procedure: Fill the gap between the inner and outer cylinders with one of 
the three fluids to be tested. Select an appropriate drive weight (of mass m) and attach it to the 
end of the cord that wraps around the drum to which the inner cylinder is fastened. Release 
the brake mechanism to allow the inner cylinder to start to rotate. (The outer cylinder remains 
stationary.) After the cylinder has reached its steady-state angular velocity, measure the amount 
of time, ¢, that it takes the inner cylinder to rotate N revolutions. Repeat the measurements us- 
ing various drive weights. Repeat the entire procedure for the other fluids to be tested. 


Calculations: For each of the three fluids tested, convert the mass, m, of the drive weight 
to its weight, W = mg, where g is the acceleration of gravity. Also determine the angular ve- 
locity of the inner cylinder, w = N/t. 


Graph: For each fluid tested, plot the drive weight, W, as ordinates and angular velocity, 
@, as abscissas. Draw a best fit curve through the data. 


Results: Note that for the flow geometry of this experiment, the weight, W, is propor- 
tional to the shearing stress, r, on the inner cylinder. This is true because with constant an- 
gular velocity, the torque produced by the viscous shear stress on the cylinder is equal to the 
torque produced by the weight (weight times the appropriate moment arm). Also, the angu- 
lar velocity, w, is proportional to the rate of strain, du/dy. This is true because the velocity 
gradient in the fluid is proportional to the inner cylinder surface speed (which is proportional 
to its angular velocity) divided by the width of the gap between the cylinders. Based on your 
graphs, classify each of the three fluids as to whether they are Newtonian, shear thickening, 
or shear thinning (see Fig. 1.7). 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 
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1.105 Capillary Tube Viscometer 


Objective: The flowrate of a viscous fluid through a small diameter (capillary) tube is a 
function of the viscosity of the fluid. For the flow geometry shown in Fig. P1.105, the kine- 
matic viscosity, v, is inversely proportional to the flowrate, Q. That is, y = K/Q, where K is 
the calibration constant for the particular device. The purpose of this experiment is to deter- 
mine the value of K and to use it to determine the kinematic viscosity of water as a function 
of temperature. 


Equipment: Constant temperature water tank, capillary tube, thermometer, stop watch, 
graduated cylinder. 


Experimental Procedure: Adjust the water temperature to 15.6°C and determine the 
flowrate through the capillary tube by measuring the time, ¢, it takes to collect a volume, V, 
of water in a small graduated cylinder. Repeat the measurements for various water temper- 
atures, 7; Be sure that the water depth, h, in the tank is the same for each trial. Since the 
flowrate is a function of the depth (as well as viscosity), the value of K obtained will be valid 
for only that value of h. 


Calculations: Foreach temperature tested, determine the flowrate, Q = V/t. Use the data 
for the 15.6°C water to determine the calibration constant, K, for this device. Thatis, K = vQ, 
where the kinematic viscosity for 15.6°C water is given in Table 1.5 and @ is the measured 
flowrate at this temperature. Use this value of K and your other data to determine the vis- 
cosity of water as a function of temperature. 


Graph: Plot the experimentally determined kinematic viscosity, v, as ordinates and tem- 
perature, 7, as abscissas. 


Results: On the same graph, plot the standard viscosity-temperature data obtained from 
Table B.2. 


Data: To proceed, print this page for reference when you work the problem and click herv 
to bring up an EXCEL page with the data for this problem. 
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Solution for Problem 1,/0S Capillary Tube Viscometer 


From Table B.2 
V.ml ts T,degC Q, mi/s v, M2/s T,degC v,m‘2/s 


92 19.8 15.6 0.465 1.12E-06 1.31E-06 
97 15.8 26.3 0.614 8.49E-07 1.00E-06 
92 168 21.3 0.548 9.51E-07 8.01E-07 
Sa 7 2153 12:3 0.427 1.22E-06 6.58E-07 
92 13:4 34.3 0.702 7.42E-07 5.53E-07 
94 10.1 50.4 0.931 5.60E-07 4.75E-07 
Onl 8.9 58.1 1.022 5.10E-07 


v=K/Q K, m42 ml/s42 v (at 15.6 deg C), m*2/s 
5.21E-07 1.12E-06 


K=vQ=1.12E-6 m‘2/s * 0.465 m/s = 5.21E-7 m42 mi/s*2 


Problem 1.105 
Viscosity, v, vs Temperature, T 


c Experimental || 


—— From Table B.2 | 


0.0E+00 
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2.2 A closed, 5-m-tall tank is filled with water to a depth of 4 m. 
The top portion of the tank is filled with air which, as indicated by 
a pressure gage at the top of the tank, is at a pressure of 20 kPa. 
Determine the pressure that the water exerts on the bottom of the tank. 


fh = 20x/0%, = fh 


3N 
2oxid 24 +9 80x10 73 (4m) 


592 x jo" M, = 59,2 kPa 


i 


p= ppt th 


u 


2.3 A closed tank is partially filled with glycerin. If the air 
pressure in the tank is 6 lb/in.? and the depth of glycerin is 10 
ft, what is the pressure in lb/ft? at the bottom of the tank? 


= P 4 = Be hi n> 
f= ta + P (79.4 2, 10 Fi) + 6 fh \foee fa ) 


2.44 Blood pressure is usually given as a ratio of the 
maximum pressure (systolic pressure) to the minimum 
pressure (diastolic pressure). As shown in Yidev V2.2 such 
pressures arc commonly measured with a mercury mano- 
metcr. A typical value for this ratio for a human would be 
120/70, wherc the pressures are in mm Hg. (a) What would 
these pressures be in pascals? (b) If your car tire was 
inflated to 120 mm Hg. would it be suflicient for normal 
driving? : 


p= xh 
(A) For 120mm l4g: pz (133 x10", ) (0, ta0m)= boa 


For 70 mm Ha a (33 x1 \(o. o70.m)= 731 4B 


. - IW ~# Ib/in® 
(L) For 120 nam Hg . P= (16.0 x 10 oe )lugsoxi a ) 


= 2, 72 Pst 


Since a typical +ipe Pressure 45 50-95 PSt, 120mm ty 
is prot sufbieient for pormal DHVING. 


ae 


2.5 An unknown immiscible liquid seeps into the bottom of an 
open oil tank. Some measurements indicate that the depth of 
the unknown liquid is 1.5 m and the depth of the oil (specific 
weight = 8.5 kN/m’) floating on top is 5.0 m. A pressure gage 
connected to the bottom of the tank reads 65 kPa. What is the 
specific gravity of the unknown liquid? 


B= (ait) (Som) + (B.)(USem) Where Wa unkomon ba ® 
6 TDImM 


3 3 
¥< sElctiess =a (Sm) - b5x!I0 N ~ (asx )(5m) 


= 15 x0 
(m v 
3 N. 
Ser Sa _ IDAB mF? — | 53 
7 eee = ————— - 
Yaceve asin sk 
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2.6 Bathyscaphes are capable of submerging to great depths 
in the ocean. What is the pressure at a depth of 5 km, assum- 
ing that seawater has a constant specific weight of 10.1 kN/m*? 
Express your answer in pascals and psi. 


part +o 

At the surfae. 2 =0 50 That 

p= (10.110? © 05 2103.m) =50.5 x14 = 50.5 M Py 

fm * 
Also, 
: ns lb 
P= (40.5 108 # )/p450 xy0 * Ine ) = 7320 psc 
an me ee 


fim* 
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2al For the great depths that may be en- 
countered in the ocean the compressibility of sea- 
‘ water may become an important consideration. 
(a) Assume that the bulk modulus for seawater 
is constant and derive a relationship between 
pressure and depth which takes into account the 
change in fluid density with depth. (b) Make use 


CQ) 


dp 2s 
ye aa 
Thus, dp = dz 
Pe; 


of part (a) to determine the pressure at a depth 
of 6 km assuming seawater has a bulk modulus 
of 2.3 x 10° Pa, and a density of 1030 kg/m? at 
the surface. Compare this result with that ob- 
tained by assuming a constant density of 1030 
kg/m?. 


(£9 2.4) 


(1) 


tt - 1s a tuncton of Pp, we must determine f=F(p) before 


integrating Eg.) Since, 


E dp CEs. 413) 
then : SH se 
= me 
dp = £, 2 
° A 
So Tht f. 
p= E414 
y: 
Thus, oe e Where lal atl pzo 
: p=o at surface 
From Eg 0)) i} 4. 
o Z, Z, 
dp . : 
- -g] # E 2, 
[oC 
f ? ° 
or ad #P * 
a dp <a} #2 
fp a 
so That 


where Jae Zz, , the 
depth below surhece 


(b) From parla) 
ar 
== 6, De (1 a 
So thet at f= Gita 
LS 
p= _ (2.3107 &, ) Ln P = (1.03x/o 2%, N/7.21 & )(oxi0'm) 


Aa.3x10'* 
wm 


= Gl , Pp 
= AG XI ~m* = 6/.4 Ma 


cc) For constant density 
pad = pak = (1,03 x10 £4) (4.6) % Me x10 ) 


= 604 M% 


wees 


2.8 Sometimes when riding an elevator or driving up or down a 
hilly road a person’s ears “pop” as the pressure difference between 
the inside and outside of the ear is equalized. Determine the 
pressure difference (in psi) associated with this phenomenon if it 
occurs during a 150 ft elevation change. 


ap =Sah =0,0765 5 a (1 Soft) 


2 
< INS te Gggage) 
Saplepe 


2.9 Develop an expression for the pressure 
variation in a liquid in which the specific weight 
increases with depth, h, as y = Kh + yo, where 
K is a constant and } is the specific weight at the 
free surface. 


( Ee. 24) 


ee oe 
i | ee ON ae it 


é Cont ) 
*2Z.10 Inacertain liquid at rest, measurements of the spe- 60 107 
cific weight at various depths show the following variation: 70 110 
80 112 
SEE ———S eee 
90 114 
h (ft) y (ib/fe) 100 115 
LATTES EERE SIL OLS I OIE TE 
0 70 
a & The depth h = O corresponds to a free surface at atmo- 
30 9] ; spheric pressure. Determine, through numerical integration 
40 97 of Eq. 2.4, the corresponding variation in pressure and show 
the results on a plot of pressure (in psf) versus depth (in 
50 102 
feet). 
ag y 
=! 2.4%) 


let 7 es ae (see Figure ) Se 
Thet cla=z—dh aud Tnerehre 


cp = ~y¥dz2= ¢dh 


Thus, # he 
fee = ic dh 
a 6 
or he’ 
P. = YY ds (1) 


iihiere p. 48 The pressure at depth Ae 


Equation C1) Can be va tegrated numericalle using 
the trape Boida/ rule, fe. . 


m~l 
ere 4 
4°23 2+ a, ty 


L/ here yas x > 4 h, and N= humber of data 


Poinks ; 


(Cont) 


( Contd 


The tebulated vesults ave Given below, alons 
With the Corresponding plot ef pressure vs. depth. 


y, lb/ft*3. Pressure, psf 
0 
730 
1530 
2405 
3345 
4340 
5385 
6470 
7580 
8710 
9855 


Pressure, p (psf) 


40 60 
Depth, h (ft) 
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Elevation (ft) Temperature (°F) 
5000 50.1 (base) 

*242. Under nomnal conditions the temperature of the ee aaa 
atmosphere decreases with increasing elevation. In some 6400 62.6 
Situations, however, a temperature inversion may exist so 7100 6 0 

that the air temperature increases with elevation. A series 7400 ms 4 

of temperature probes on a mountain give the elevation 8200 70.0 
—temperature data shown in Table P2.12. If the barometric 8600 9. 
pressure’at the base of the mountain is 12.1 psia, determine 9200 cB 

by means of numerical integration the pressure at the top of 9900 6 ‘ 

the mountain. tk Ce) 

TABLE P2.12. 
Fyrom £9, 2.9, zz 
Xm ue --% [ & 
A, R la, T 


In The table below the temperature in °R is givin 


And the inde grand l/TCer) thbula ted, 


Elevation, ft 1, °F T,°R 1/ TCR) 


5000 50.1 509.8 0.001962 
5500 55.2 514.9 0.001942 
6000 60.3 520.0 0.001923 
6400 62.6 522.3 0.001915 
7100 67.0 526.7 0.001899 
7400 68.4 528.1 0.001894 
8200 70.0 529.7 0.001888 
8600 69.5 929)2 0.00189 
9200 68.0 527.7 0.001895 
9900 67.1 526.8 0.001898 


I xX ~elevatio, 
L* + z (G+ yas) Sr —%; : w heve gw /y, 
Gna as Guo ber of data points. Thus, 
[G00 Ft Lt 
G — 
(4) dz = BY aR 


frat (witr ¥ 2 G22 LEI; ann Fez 1716 f4./h Jshag®R 


Ss 
} i, Be _ (72.2 £4) (4.34= ) _-D. 1753 (1) 
Ai 1716 F¢-1b] slug: °R 
(con t) 
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42.12 


(eon t ) 


fi Liews bem £3.01) toi Th B 242.1 peua Wat 


— 0/753 


B= (r2% psia) ec = /0.2 psva 


(Vote ! Since the temperature variate 1s not very large, 
1? would be expected Theat The assumption of 4 “Constant 


temperature would give geod results. If The temperature 
ts assumed to be Constant ef The base +ém pera Lure 
(2007, es =/0,/ psa re tashich ts Only shightts 
diFrevrent ftom the result given above , ) 


2-10 


2.14 (See Fluids in the News article titled ‘“‘Giraffe’s blood pres- 
sure,” Section 2.3.1.) (a) Determine the change in hydrostatic pres- 
sure in a giraffe’s head as it lowers its head from eating leaves 6 m 
above the ground to getting a drink of water at ground level as 
shown in Fig. P2.14. Assume the specific gravity of blood is 
SG = 1. (b) Compare the pressure change calculated in part (a) to 
the normal 120 mm of mercury pressure in a human's heart. 


(a) For hydrostatic pressure change, 
Ap=¥h = (480 2™ \(6m) = 58.9ER = FEE LR 


(b) To Compare ur ith pressure in human heart 
Convert Pressure ti Part la) fo mmm Hs : 


S RN 
58.8 tid = Bag ag? (33 ay 
3 AMA 


Thus, the pressure Change in The giraffes head 


tw 


is FY¥2 am Hs Compared kits 120 mina bs 
the human heart. 


Q-ll 


| 2.95 


2.15 Assume that a person skiing high in the mountains at an 
altitude of 15,000 ft takes in the same volume of air with each 
breath as she does while walking at sea level. Determine the ratio 


of the mass of oxygen inhaled for each breath at this high altitude 
compared to that at sea level. 


Let (), denote sea level and ( ), denote 15,000 # altituge. 
Thus, since m= macs =QV, where V= yolvme 
mM, =0, Uy and Ms = Pic Ys, where Vy 2 Ys. 


Hence, 


Why Os Vis _ Fs 


Mo GU ~ 


If it is assumed that the air composition (2.9, °% ot 


ait that is oxygen) is the same at sealevel as if isaf/S, 20°F; 
then we can use the p Valves from Table C.1: 


QO, = 2,377x)0~ le and Pe =h#HxIO™ ses so that 


Ms z 1H 96x10 Se 
2.277x/ 72 sligs 
se a < 


=O 62.9 =62,7-7, 


242 


(a) 


(6) 


cc ) 


2.16 Pikes Peak near Denver, Colorado has 
an elevation of 14,110 ft. (a) Determine the pres- 
sure at this elevation, based on Eq, 2.12. (b) If 
the air is assumed to have a constant specific 
weight of 0.07647 Ib/ft?, what would the pressure 
be at this altitude? (c) If the air is assumed to 
have a constant temperature of 59 °F what would 
the pressure be at this elevation? For all three 


| cases assume standard atmospheric conditions at 


sea level (see Table 2.1). 
2 
p= fh. ‘it as )ie (Eg, 2.12) 


. ls ‘ #8 : bo 
for f= Allo.aZs , 5000957 F, gr 52/7 & , 
T= 918.67°R , R= 1710 4 


) 
Slug: 
ee aa 
= e s* 


(Vib EE leurs) 


Gna 


= 31262 


(6. 00357 Ze N14 110 Ft) 
518,67 PR 


pz (au62 B.) | 1— 


s ¥L40 a. (abe ) 


= 2116.2 #, - (0.67647 lig iio #t) 


= /04o0 a (abs) 
(eg. 210) | 


fas.n # ) (14 110) | 
: & \e [imc Be vag. 
(A162 )e (7b ee eld 


= 1b (abs) 
(270 7, 


| 2.47 Equation 2.12 provides the relationship 
| between pressure and elevation in the atmo- 
sphere for those regions in which the temperature 
varies linearly with elevation. Derive this equa- 
tion and verify the value of the pressure given in 
Table C.2 in Appendix C for an elevation of 5 


km. B Az 
Z ES dz 
p ~ “eS >= (Ee. 2,7) 

P, z 


for aoey Gel T= 1,782. 
Te “42 


2) 


& 


4 |-4 iA (r.-aa) = é | ¢ (rr82) De 
dt 


r) 
. G2 
KA Ly (1 ta ) 
and taking loyarithm of both sides of eguation yields 


~ 
ao 


For #2 52m with fp 210 33kPa Ty = 288K Jz 480735 


S*) 
= K ~ yi 
= 0, R= — 
(2 00650 5 as7 


An 
L807 =e 


J K 
(0. 00654 chad ( kl = 0. 2005% 


293,16 K 


p= (101. 33 tar] 


4 
+ Stan yo = 
“m 


2 


‘co Table La in A ppeads —- p= S405 xo -) 


2.18 As shown in Fig. 2.6 for the U.S. stan- 
dard atmosphere, the troposphere extends to an 
altitude of 11 km where the pressure is 22.6 kPa 
(abs). In the next layer, called the stratosphere, 
the temperature remains constant at — 56.5 °C. 
Determine the pressure and density in this layer 
at an altitude of 15 km. Assume g = 9.77 m/s? 
in your calculations. Compare your results with 
those given in Table C.2 in Appendix C. 


For usetThermal conditions, 


— ¢ C#,-2) 
gore 7% (£4, 210) 


leL Z2llikm, p222tkh , R= 287 Fz ra? ) fF 4.77 = , 


and Zt —56.5°C # AT3/5 = D665 k 


Thus 
a om 3 3 ) 
(77) )( Fx10 m = 11 x10 4 


p= (22.442,) e (269 2, (216.054) 
2 


= 12.1 RPo 
Also , ab 12.1 ld ao. _ 0/95 RE hg 
> RT (457g - ) (216. 65K) Beta 


PP se dale C.2 we Ap pendix 'e ) pe 1a, APRe. and 
x, > O/G¥8 £2 .) 


arts 
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2.19 (See Fluids in the News article titled ‘“Weather, barometers, 
and bars,” Section 2.5.) The record low sea-level barometric pres- 
sure ever recorded is 25.8 in. of mercury. At what altitude in the 
standard atmosphere is the pressure equal to this value? 


For record /ow Pressure, _ 
-¥, £. =¢s474# ans te Nie be at 
Chg Fg C8 pe.) (2 the (ey e In 
From Table hs tn Append C " 
@ oft altitude ps Ld > 
@ 5ooft alhtude p= 12.228 1b 


(n> 
Assume \inear variation change tn presiure per fot, Thus, 


pressure chenje per food > W¥LEL iy —! 2228 ip 
ZFoo0 ft 
~ 4.93b xiv" 1B per 
and. 


| 4, Lab we ~ & C4) [4.93b x10” ii | = 12, Lie tn> 
So thet a: 4250 Ft 
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2.24) On a given day, a barometer at the base of the Washington 
Monument reads 29,97 in. of mercury, What would the barometer 


reading be when you carry it up to the observation deck 500 ft 
above the base of the monument? 


Let ( ), and ( }y correspond to the base and observation 
deck , Fespectively. 


ee with H = height of the Monument, ” 
fs - fod = Gir H = 7 bSKIO™” (So0ft) = 38.5 7, 
But 


f= vy h, where vy, = 847-2, and h =barometer reading, 
big 


dy, (227 ITH) yt Rod = 36, Se 
Or 


Dod “(2 - 38,5 Fa 38,5 He 


Fo 


= (29.97 -o0.S 45) in. 
or 


hy = 27-43 iN. 
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2.21 


2.21 Bourdon gages (see Video V2.3 and Fig. 2.13) are 
commonly used to measure pressure. When such a gage is 
attached to the closed water tank of Fig. P2.2! the gage reads 
5 psi. What is the absolute air pressure in the tank? Assume 
standard atmospheric pressure of 14.7 psi. 
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12 in. 


Bourdon gage 


m FIGURE P2.2) 
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2.22 Onthe suction side of a pump a Bourdon 

pressure gage reads 40-kPa vacuum. What is the 
corresponding absolute pressure if the local at- 
mospheric pressure is 100 kPa (abs)? 


4(Gbs) = fo (gage ) + f latr) 
= ~WwkR + loohhe 


N 


2.24 A water-filled U-tube manometer is used to measure the pressure 
inside a tank that contains air. The water leve) in the U-tube on the side 
that connects to the tank is 5 ft above the base of the tank. The water 
Jeve] in the other side of the U-tube (which is open to the atmosphere) 
is 2 ft above the base. Determine the pressure within the tank. 


Prin +f, (SH) - yy , (24) =O 


or 
b 
fair = - (34, = -(3ft) (62.4 fs ) 
= = (97 


2-f7 


60.42, 


2.25 


2.25 A barometric pressure of 29.4 in. Hg 
corresponds to what value of atmospheric pres- 
sure in psia, and in pascals? 


(fn pat) p= ¥4, = (s47 # 5 es 1 fe = 44 psca 


poe 


ih, Pa) p= xh = (:a3.x10 %\(a14in ) (2.540 x10 7 \ 79 3 BP. (abs) 


2720 


2.26 2.26 For an atmospheric pressure of 101 kPa 
(abs) determine the heights of the fluid columns 
‘in barometers containing one of the following liq- 
uids: (a) mercury, (b) water. and (c) ethyl alco- 
hol. Calculate the heights including the effect of 
vapor pressure, and compare the results with 
those obtained neglecting vapor pressure. Do 
these results support the widespread use of mer- 
cury for barometers? Why? 


t Trelantieng va per pressure ) (w, Thout Vapor pressure |) 
platm) = Yh + B, platen)» th 
where b ~ Vapor pressure 
(at 
Thus; op, Pledkn )~ Po py Die 
eee rv 
Va 
3 
3 = = 
Jol 210 =, - 16x boy £08 So 
(A) For mercury : mi = ls oa ei = —___, 
SET aie I33x 1D, 
= O.759 aa = 6.15% mw 
/ £10 “ h77410 &% “ee 
0 Bee = hb — ear 
tb) for water’ 4 > an” an ae 
9.80 x10° & 4.80 x19, 
fn 3 mm 
= 10.1 ™ = 10.3 m™ 
3 3 
cc) For ethy/ soixto 2,-5.9 x10 &, 2 Jor x10 &, 
alcoho/ ! fh * - = > 
Tae yio™ 2 TTR SI A 


fm 3 


rf 


= 12.3 <a 13.0 ™ 


Yes. For mercury barameters the effect of vapor pressure 
Is negligible, and the reguirea height of The mercury 


column 1s reasonaé/le , 
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2.27 A mercury manometer is connected to a large reservoir of 
water as shown in Fig. P2.27. Determine the ratio, h,,/h,,, of the 
distances ,, and f,, indicated in the figure. 


fy hy lol 
but fi = f?3 = On (2 hm ) BFIGURE P2.27 


or 
(Bye =(2 Um- Sw )hm 
so that 


fu = (2%m-tw) =2 5G, -) , where SGm 2 = 13.56 


Ow 


a = 2(13.56)-| = 
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2.28 


So Closed valve 


2.28 A U-tube manometer is connected to a closed tank 

containing air and water as shown in Fig. P2.28 At the closed 

end of the manometer the air pressure is 16 psia. Determine the 

reading on the pressure gage for a differential reading of 4 ft C+) 
on the manometer. Express your answer in psi (gage). Assume 

standard atmospheric pressure, and neglect the weight of the air 

columns in the manometer. 


Air pressure = 16 psia 


Gage fluid 
(y = 90 lb/ft?) 


? 
nea” 4 
Page = (ite rer a fiow iB ) + (0 Ben 


= ob = (ore He JCS.) tee 
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+ 2.29 Acclosed cylindrical tank filled with water has a hem- 


} pressure head, in millimeters of mercury, at the top of the dome 


"2.249 


ispherical dome and is connected to an inverted piping system 
as shown in Fig. P2.29. The liquid in the top part of the piping 
system has a specific gravity of 0.8, and the remaining parts of 
the system are filled with water. If the pressure gage reading at 
A is 60 kPa, determine: (a) the pressure in pipe B, and (b) the 


(point C). 


@ FIGURE 


8 
= /03 RA 


(b ) P= = Oh (ea 
= boah, - (280x104, \G an) 


= 3 oN 
= 50.4 xlb fa 
N 
As P, a Bo0.4 xis ot 7 
, 133x 10° 


Hemispherical dome 


P2.29 


(a) A+ (56H, ) Bm) + Sg (mm) = he 
b= Co4R + (8) Rein %, (3m) + (9-80x10 ©) (2m) 


D.2:3 6 cm 


= 0,230 m (Lo2anan ) # .236 am an 
— — 
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2.3) Two pipes are connected by a manometer as shown in Fig. 
P2.30. Determine the pressure difference, p, — pz, between the pipes. 


Gage fluid 
(SG = 2.6) 


BFIGURE P2.30 


4 


A 
Th us, 


+ dn0 (0.5 0m 1 Oabspme) = Me (0.6m) +t Yen 0 (1.3.m~ 0, 5m ) = oe 


Fata © Upp (orm) —¥,, (0.5m x o.bam & 1.3mm -0.5m) 


(2.6)( 9.81 BL V0, 6m) - (2.902% V1.¢m) 


—~ 232 4£R 
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2.3! A U-tube manometer is connected to a 
closed tank as shown in Fig. P2.3{. The air pres- 
sure in the tank is 0.50 psi and the liquid in the 
tank is oil (y = 54.0 tb/ft?). The pressure at point 
A is 2.00 psi. Determine: (a) the depth of oil, z, 
and (b) the differential reading, h, on the ma- 
nometer. 


FIGURE P2.3} 


a #i- 05 tb )(ieein ) 
A I =4+0o0ft 
SHO re = 


Gl @ * ¥) Ge) - (Sa ¥ )* =0 


Thus, 
bP, + Yi (af) 


(S@)( ¥u,0 ) 


(2 2) (14 i )+ Geo G2) 


2 


— 
= 


(3.05) (62.4 a, 


= 2,08 ¢t 
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4.32 


Zoe For the inclined-tube manometer of Fig. P2.32 the 
pressure in pipe A is 0.6 psi. The fluid in both pipes A and B 
is water, and the gage fluid in the manometer has a specific 
gravity of 2.6. What is the pressure in pipe B corresponding to 
the di*ferential reading shown? Te 
3 in. 

t 


FIGURE P2.32 


2 
Fn t Sno 72 ft) - ee (E ft) Sin3o® — te [a #) 
(where vay ss The = specific weight of the gage flurd ) 


Thus, | 
P= By, ~ tag GGA) sin 30° 
Ib 
= (06% sa) te .)- A.No24 2, \£ fz) (0.5) = 32.3 Re 
32.3 in/ee fe ee = P.229 Pac 
2.33 


2.33 A flowrate measuring device is installed 
in a honzontal pipe through which water is flow- 
ing. A U-tube manometer is connected to the 
pipe through pressure taps located 3 in. on either 
side of the device. The gage fluid in the manom- 
eter has a specific weight of 112 lb/ft’. Determine 
the differential reading of the manometer corre- 
sponding to a pressure drop between the taps of 
0.5 Ib/in.?. 


Flowmeter 


Flow 


fel p and p, be pressures at pressure taps. 
Write manometer ef uation belween £2 and p,. Thes, 


pee (44h) —% 2% =% 4 = 


Kio! 4 Kio |! 3 
so That Me 
rae #, -, (0.5 =, ee =) 
byt ~ uso 112 Fy bz “, 
= {,45 ft 


2.34 Small differences in gas pressures are 
commonly measured with a micromanometer of 
the type illustrated in Fig. P2.34. This device con- 
sists of two large reservoirs each having a cross- 
sectional area, A,, which are filled with a liquid 
having a specific weight, »,, and connected by a 
U-tube of cross-sectional area, A,, containing a 
liquid of specific weight, y,. When a differential 
gas pressure, p, — p, is applied a differential 
reading, h, develops. It is desired to have this 
reading sufficiently large (so tliat it can be easily 
read) for small pressure differentials. Determine 
the relationship between h/ and p, — p; when the 
area ratio A,/A, is small, and show that the dif- 
ferential reading, h, can be magnified by making 
the difference in specific weights, y, — ,, small. 
Assume thatinitially (with p, = p,) the fluidlevels 
in the two reservoirs are equal. es 
inthial 


level 


—— 


initia! /eve/ Bee eZ 
fer gage Fluid 


luhen a differentia | pressure , ah, is applied we assume tat level iin leté 
véservoir reps by « distance, hh, and right fevel rises by Ah. Thus, 
The (nanometer eguation becomes 


pry(hrh-44) -42- 9, (4, rbhd=h 
B-p=G%4-44+ xy (zat) a} 


Since the heuids in The manometer are incompressidle, 
OGRA, = 2A or 24h. 4t 
A Ay 
qnd if = [s small Then 2bhe<Q and last term in Eg (I) 
Can be Aa plede x. Thas, 


f= P= (tam )A 


ee 

y,- ¥) 
Gnd large Values of h can be obtained for Simel/ pressure 
differentials jf S%-&, 1 small, 


Or 


or 


2.35 The cyclindrical tank with hemispherical ends shown 
in Fig. P2.35 contains a volatile liquid and its vapor. The liq- 
uid density is 800 kg/m’, and its vapor density is negligible. 
The pressure in the vapor is 120 kPa (abs), and the atmospheric 
pressure is 101 kPa (abs). Determine: (a) the gage pressure read- 
ing on the pressure gage; and (b) the height, h, of the mercury 
manometer. 


\ 
Mercury 


HFIGURE P2.35 


; ee N 
(a) Let Y= spb of liguia = (00 #9, )(43\%): 1850”, 
and 


Raper (gage) = |20.4P (abs) - J0)-2B (ats)= 19 AR 
Thus, 

Hiwit Soh aS i % (Lam) 
lax os 4 (7350%, )(\-m) 


26.79 kR 


(5) Baas) + (al) - %, (A) =o 


ax + (7850 Bim) =(133x10 8, (4) =0 


= 0 -46-2-Aq 
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2.36 


2.36 Determine the elevation difference, Ah, between the 
water levels in the two open tanks shown in Fig. P2.36. 


Dh= 0.4m — (69) (0.4m) = 0,040 


2.8) 


2.37 For the configuration shown in Fig. 
P2.37 what must be the value of the specific 


weight of the unknown fluid? Express your an- 
swer in |b/ft*. 


Unknown } 
fluid 


FIGURE P2.37 
Let ¥ be specific weight of unknown tluid. Then, 


Fo [EEL ta] - v (6224) a] x, [274 =< 


and 
ys Oi. [ (5-09) - (44-33) ]in oz 4 af Se 
(3.3-—14) In. ft 
- b 
= Tal Bs 


A-30 


Ocean surface 


238 


2.38 An air-filled, hemispherical shell is at- 
tached to the ocean floor at a depth of 10 m as, 
shown in Fig. P23. A mercury barometer lo-' 
cated inside the shell reads 765 mm Hg, and a 
mercury U-tube manometer designed to give the 
outside water pressure indicates a differential 
reading of 735 mm Hg as illustrated. Based on 
these data what is the atmospheric pressure at the 


Mercury 
ocean surface? 


Shel 


FIGURE P2.3§ 


let: iA ~ absolute a@ir pressure inside shell = Site (0.765am ) 
Py surface atim ospherie pressure 


tee aw specific weight of seaunter 


Thas, manometer Lguatjon con be written as 


Be, 7 oe (Yom ) . Oe (a 30m ) me Sn, (0,735) = #2 
Jo Tmt 


ei? R- ae (10,36 m) + “hy [OTIS wiv) 


(133 Eu \(0,706m) - fro.1 BY ) fp 36m) + (133 AY (0.135) 


I 


i 


749 AR 
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*2.37 Both ends of the U-tube mercury ma- 
nometer of Fig. P2317 are initially open to the 
atmosphere and under standard atmospheric 
pressure. When the valve at the top of the right 
leg is open the level of mercury below the valve 
is h;. After the valve is closed, air pressure is 


applied to the left leg. Determine the relationship 
between the differential reading on the manom- 
eter and the applied gage pressure, p,. Show on 
a plot how the differential reading varies with p, 
for h; = 25, 50, 75, and 100 mm over the range 
0 = p, = 300 kPa. Assume that the temperature 
of the trapped air remains constant. FIGURE P2.34 


With the valve clesec and & pressure ; h , applied, 


4 


Af- B-f 

Sag 
herve # ant Pp are gage pressures | Ey ees 
Com pression of tra pped air 


P= Constant 
50 Met for constant air mass 
RI be 


where Y is air volume, P 1s absolute pressure, and & 4nd T 
vefer te Intal aud fnal states | respectively, THUS ) 


a fa (h* by, )% c2) 


eae 


for air trapped in right leg ve = f. (Area of tube ) so Thad 


Eg.2) crn be wrilten as 

he 

oe Ba, £ oe 4 
tc 62 
Substitute Eg <3) snd £3 ts) to 
l Pa 
Dhz= pr [+ t +s : 
bg é atom ( +2 


“ 
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(cont) 
Eguetion (+) Can be expressed in. Whe form 


= ty + Pb 2 A, he s 
(nd) = (ahs aoe) « Te O 


ang the roots of Mus guadratic gua tion ave 
age (2% s Ac (hy + pt tht) 
t 20,4 im L 2 vi 


Vs evaluate Af the negative sign tS used Since Sh=0 for fa =O 


Tabulated values of OR for various Values of fg are piven 
in the following table Sor different valuts of A, adit Py (lol kel. 
Qna eg = = 133 BN/m>) A plot of the olata flows. 


Oy 4 


hi patm ‘ha Py Ah(h, = 0) Ah(h=0.025) Ah(h=0.05) Ah(h=0.075) Ah(h=@.1) 
(m) (kPa)  (kKN/m3) = (kPa) (m) (m) (m) (m) (m) 
0.025 101 133 1) 0 0 0 ft) 0) 
0.05 101 133 30 0) 0.0110 0.0212 0.0306 0.0394 
0.075 101 133 60 0 0.0182 0.0354 0.0517 0.0672 
0.1 101 133 90 0 0.0231 0.0454 0.0668 0.0874 
101 133 120 0) 0.0268 0.0528 0.0781 0.1026 
101 133 150 0 0.0296 0.0585 0.0867 0.1143 
101 133 180 ) 0.0318 0.0630 0.0936 0.1236 
101 133 210 0 0.0335 0.0666 0.0991 0.1312 
101 133 240 0 0.0350 0.0696 0.1037 0.1374 
101 133 270 0) 0.0362 0.0721 0.1075 0.1426 
101 133 300 0 0.0372 0.0742 0.1108 0.1470 
0.16 T : 
h,= 0.10 
0.14 + — 
0,42 
a B al h, = 0.075 
S a 
0.08 = h,= 0.050 | 


0.02 | —- U 


0 50 100 150 200 250 300 350 
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2.40 The inverted U-tube manometer of Fig. 
P2.40 contains oil (SG = 0.9) and water as 
shown. The pressure differential between pipes 
A and B, p, — Pz, is —5 kPa. Determine the 
differential reading, h. 


BFIGURE P2.40 


#7 vn (0.2m) + &., (kh) + ¥ (03m) = #, 


Thus 
7) (3-24) + Sie (0.2m) - Sheo (0,3) 
| “ee lt 
5x10 %, - (9, 20x10°-,) (0.1m ) wo ih HG 
6.95 x10, etal ui 


grat 


: Carbon tetrachloride 
2.41 An inverted U-tube manometer con- 


taining oil (SG = 0.8) is located between two 
reservoirs as shown in Fig. P2,4/. The reservoir 
on the left, which contains carbon tetrachloride, 
is closed and pressurized to 8 psi. The reservoir 
on the right contains water and is open to the 
atmosphere. With the given data, determine the 
depth of water, h, in the right reservoir. 
FIGURE P2.41 


Let A, be the aw pressure in leté veseryoir, Manometer Cue bos 
Can Se wrtkta as 

3 ~ - = - = oa = 

B+ Xe, f Ft~ite-i@e 078) +X, (o7)-Y (R-1-1H#) =0 


Fy + dee by (0.3 #t) + Yes; (0.744) se 


Vueo 
(3 me Miey ine )+(995 Es) (0.3 ft) (510 %2)(or#) 


ztt 
62,¥ ae 


l/.6 tt 
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2.42 Determine the pressure of the water in pipe A shown in Fig. 
P2.42 if the gage pressure of the air in the tank is 2 psi. 


fi - J h, - (0.94) )ha + Syhg =fhir @ FIGURE P2.42 


or 
fn = fair * buh + 0.9 ha fg) 
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2.43 In Fig. P2.43 pipe A contains gasoline 
(SG = 0.7), pipe B contains oil (SG = 0.9), and 
the manometer fluid is mercury. Determine the 
new differential reading if the pressure in pipe A 
is decreased 25 kPa, and the pressure in pipe B 
remains constant. The initial differential reading 
is 0.30 m as shown. 


FIGURE P2.43 


Kor the hal Con figuration . 


fy + Spas (0.3m) - Tg (0.3m) - ¥., (0.40) * fry 
With a decrease in f, 4 4 gage #luid levels Change &s 
Shown on Figure . Thus, Osby ail Con figuration : 
/ 
Ta * Yay (0.3 2) ~ Big (hh) ~%., (04+a) =~ C2) 


Where all lengths are in rm, Subtract Fg !2) from FZ.0) + 
Obtain, 


( 
BB, + Hes (a) ~ 4 (0.3-4h) + Fla) =0 F2 


S/nce 26¢74h=63 (see figure) Then 


2.3-4h 
<z 


a> 


ana from &g 3) 

) .3- oh ,3-4h ) = 
P,-, + Vhs — ye ding (2.3- ah) + di/ — ° 
Thas, ; 

ape Bit + Upes (018) ~dig (0.3) + by (o's) 

— Oy + De 7 oat! 
and with K, -f, = 258 im 


Af - 584 + 0.207.814, 0.16) - (33 #4 \lo 3m) + (0.114.31" Wh 
—/33 2 + (02)G3) £V) + (oe 4812) ) 


3 


= O160 mm 
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2.44 The inclined differential manometer of 
Fig. P2.44 contains carbon tetrachloride. Initially 
the pressure differential between pipes A and B, 
which contain a brine (SG = 1.1), is zero as 
illustrated in the figure. It is desired that the ma- 
nometer give a differential reading of 12 in. (mea- 
sured along the inclined tube) for a pressure 
differential of 0.1 psi. Determine the required 
angle of inclination, 6. 


FIGURE P2.44 


When h, *?, ‘S Increased to t,'- 2; the lef€ column falls a 
dis tance, a, and The right Column vises a distance 6b along 
The srnhclined tube 4s Shown in figure . For This final ten tiguration z 


me Ch a} = Xo, (4 +s sin ) - ds, (4. -b sin »)= A 


- b, + (% - Lea, (4 +b5i2nO)=0 (1) 
The differential reading, Ah, along the tube is 
dhs ge +t 
Thus, trom &4.0)] 
ot a eck, \(ah sing ) =0 
hh) 


and wih p'-4 =O, |-pse 
e idan, & bhie ae 2 
frases 99,5 a ( 


sind = 


yim Ah = 12 In. 


Thus, ‘ 
BeZ27e 


A~3g 


2.45 Determine the new differential reading 
along the inclined leg of the mercury manometer 
of Fig. P2.45, if the pressure in pipe A is de- 
creased JO kPa and the pressure in pipe B remains 
unchanged. The fluid in A has a specific gravity 
of 0.9 and the fluid in B is water. 


FIGURE P2.45 


For the initial Con figura tion ° 
P, + &,fo.1) + Ung (0.05 sin 30°) - Yo (0-08) = B (1) 


Where a// léngths ave in gm. hhen p decreases lett Column 


Moves up a distance, a, and vignht Clumn meves down 
a distance ,&2, QS shown in figure. For The final Configuration ; 


+ y (o,! ~ a sin30*) + The i sin 30° + 0.05 sin 30° +a) — 
Yeo (0.08+a) = 4, (2) 


- ‘ 
where f; 1s The new pressure in pipe ad 
Subtract Eg (2) from &g.i} to obtain 


en - fy + % (a Sin 30°) = Sig a (sin 30°41) + Yi ot%) =O 
Th 
US, _ Cty- th!) 


% Sif 30° = ig hain tot) ‘ Suen 
For h-,* 10 &AR 
AN 


=—1@ =] 


Ze 


a 


(0,4)(4.3) *") (os) - (133 #4 ose!) + 280% 


O, O5S40 ~™m 


New differentia! reading | Ah, measured along inclined tube ts 
il to 
Ah= Sin 30° 


= %o0540m™ 
0,5 


0,05 + @ 


+ 0.05m-+ 0.0540m = 0,212 ™ 
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2. 46 


2.4G Determine the change in the elevation Water 
of the mercury in the left leg of the manometer 
of Fig. P2.46 as a result of an increase in pressure 
of 5 psi in pipe A while the pressure in pipe B Area =A, ~ 
remains constant. 


E s0* + in, diameter 


diameter 


FIGURE P2.4G 


for the initial configuration ! 


6 - rt) ba = 
fe, oe Tn ol# ) - Sng © sin 30°) =O (z)=4 (7) 
Where all Jeng tus are in £4. When 


fh, increases t» p, The 
left column falls by the distance, a, and The right column 


Moves Up The dis tance , & @s Shown in the Agure, for The 
tinal Configuration . 


Shwe ap 2 0 
t oe Fra)- “hg fa+ 7z 5/030 + b sin 3d i= 


bi (4-4 sin 30") - Bo (2) 
Subtract Ee. (1) trom Eg. 2) to obtain 


P, — t, + Y ) fa}=@, (4+bsin30°) + Ose) (4 sin 30°) =0 (3) 
Since The volume of haue must be constant A a= A, b, 
ad Fo in Jem = fbi ys 
b='%a 
Thas, £4.33) Can be written as 


ty - Py + Py, (a) - Sag (a + ta sin3o?) +; (4a sii 30°) =0 


So That 


and 


sins (B,'- 2, ) : -(5 fe Niel, 
ae Lig (3) +B, (@) 62.4 2 ,- (847 fae) )eaglez 42 Na) 


0.304 £t (down) 


i 


2.47 The U-shaped tube shown in Fig. P2.47 initially contains 
water only. A second liquid with specific weight, y, less than 
water is placed on top of the water with no mixing occurring. 
Can the height, #, of the second liquid be adjusted so that the 
left and right levels are at the same height? Provide proof of 
your answer. 


BFIGURE P2.47 


The pressure @t Point (1) must be egual 4 
the pressure at pomt(2z) Since the Pressures 


at Caual elevatons in a Continuous mass 
of Lluid sfMust be The same. Since, 


| bevh 


2%, oh 


H20 
These two Pressures Can only be Real vf 


Qunnkh& 


y= Sug0 . Since ¥F Yasp We Co Aguration 
Shown In The figure Is hot Possible. Ne. 
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*2,48 An inverted hollow cylinder is pushed into the water as 
is shown in Fig, P2.46. Detet'mine the distance, @, that the water 
rises in the cylinder as a function of the depth, a, of the lower 
edge of the cylinder. Plot the results for 0 = @ = H, when H is 
equal to 1 m. Assume the temperature of the air within the cylin- 
der remains constant. 


BFIGURE P2.48 


For constant temperature Campressien within the Cylinder, 
f vi: = a7 Ve a) 
where Y u& the aw volume, and ¢ and# refer +o the 


lara! ana tihal States, respectively .L+ follows that 
(see Agure) 


eo Boe e804) + hey 
tea Fon BE OH 
Thus, from Fg. (1 
—, (Zon) = (¥(d-2) +h aD (#-2 ) (2) 


Ana with 
RN 


e.." 10) RP , os 9. e0 EH ; 


And H= Im 


—3 C2) Hiraph Lots to 
22 Car+in.3))2 + d (im) =o 
So that ( using 7qne Quadratic formu |a) 


dm Ga) Sa peer 


2. 
Since for A=0, £20, the negative Sign should be 
Useh aad 


Q= (a.+3) -\V d2418.bid +12? 
<<< a 


Ta bulated date witn the Correspondiig Plot are 
Shown on the following Page. 


(Con £) 
2-42. 


Water rise, .£(m) 


CCon't D 
Depth, d(m) Water rise, r, (m) 

0.000 0.000 
0.100 0.007 
0.200 0.016 
0.300 0.024 
0.400 0.033 
0.500 0.041 
0.600 0.049 
0.700 0.057 
0.800 0.065 
0.900 0.073 
1.000 0.080 

0.080 . 

0.070 

0.060 - 

0.050 

0.040 

0.030 - 


0.000 « 
0.000 


0.200 


0.400 0.600 
Depth, d (m) 
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0.800 


1.000 


F250 


*2.50 A Bourdon gage (see Fig. 2.13 and Video V2.3) is 
often used to measure pressure. One way to calibrate this type 
of gage is to use the arangement shown in Fig. P2.50a. The 
container is filled with a liquid and a weight, ‘W, placed on one 


side with the gage on the other side. The weight acting on the” 


liquid through a 0.4-in.-diameter opening creates a pressure that 
is transmitted to the gage. This arrangement, with a series of 
weights, can be used to determine what a change in the dial 
movement, 0, in Fig. P2.SQb. corresponds to in terms of a 
change in pressure. For a particular gage, some data are given 
below. Based on a plot of these data, deter mine the relationship 
between @ and the pressure, p, where p is measured in psi? 


W (lb) | O | 1.04 | 2.00 | 3.23 | 4.05 | 5.24 | 6.31 
6 (deg.) | O | 20 40 60 80 100 | 120 


p= = = 


Area. 


Frem Grap 4 


WW Cis) 


+ (0.4 In.) 


Bourdon Gage 


(b) (a) 
M FIGURE P2,.50 


= 776 Wh) (1) 


(where pisin pst) 


QV = 0.0522 ® 


So That trom £3. U) 


P (pe) 


= 0.0522 6 


Bt6 
ana 
Dlpse) = 0.4/4 © 

Theta, deg.  W, lb 

0 0.00 - 

20 1.04 8.00 - W = 0.0522 6 

40 2.00 

60 3.23 

80 4.05 

100 5.24 

120 6.31 

0 50 100 150 
Theta, degrees 


2.51 You partially fill a glass with water, place an index card 
on top of the glass, and then turn the glass upside down while 
holding the card in place. You can then remove your hand from 
the card and the card remains in place, holding the water in the 
glass. Explain how this works. 


In order to hold the index card in place when the 
glassis inverted, the pressure at the card-water Bi 
interface , p,, must be 4 =“W where Ais the upright 
areq of the glass opening and Wis the card weight. 
Thus, f, =-W/A. Hence, p27 -th or 
f, =~ WA-th (gage). 
Since the amount of air in the glass remamns the 
same when it is inverted, 


Cy AH, cal a AH; , where u and ¢ subscripts 
refer to the upright and inverted conditions. Thus, 
H, = H, But p=eRT so that 
C, _ (Pu/RTu) _ 


inverted 


e = (fie /@T) * fe provided the temperature 


remains constant ‘Ty = Ta . Mote‘ Since we are vsing the pertect gas law 


the pressures myst be absolvte — fu = fain, f= faz W/A-0h + Palm 
Hence, from Eqs. (1) and (2)% 


(3) H: a Te Hy, That is, when the glass is inverted the column 
Patm of air inside ex pans slightly, caysing 45Mea/! 
gap of size AH between the lip ts the glass 
and the index card. From £q.(3) this AH is 


Palm + 
Faia (Wik eh) Ha-Ha = Fam WR =O nee math 
Tf this gap is “large enough" the water would flow ovtof the glass and ar into if 
Tf it is'small enovgh;'surface tension will allow the slight pressure difference 
across the air-water intertace (i.e. ,=-W/A) needed to prevent flow and 
thus keep the index card in place. Recall from Equation (1.21) in Section 1.9 


(4) AH = H;-Ay =( 


(con't) 


2-45 


that the pressure diffenence across an interface Is 
proportional to the surtace tension of the liquid, 0; 
and the radivs of curvature, R, of the infertace. 

That |, p~ o/R 

Thus, for small enovgh gap, 4H, which gives a small 
enough interface radius of cunvatyr'e, K, sortace 
tension is large enovgh to Keep the water from 
flowing and the index card remains in place. 


Consider some typical numbers to obtain an 
approximation of the gap prodvced. 


Assume h = 3in, = 0.25 H H.= 2 in, = 90.167 ft aly = 14:7 psig, 

and W/A <<vh. That /s, the wergh} ot the card is mich less than 

the weight of the water in the glass (¢:e, W<<tAh), 

Hence, trom Eg, (4): ; 

ll =( th 4 3 62.4 is (0.25 Ft) se 
falm -vh u (147-5 (FEE) — 62,48, ( aa | i 

or 
DH = 0.0012% ff = 0.0/¥9 in. 


This is apparently a small enovgh gap to allow surtace tension to keep the 
water in the glass, qir ovtet sf, and the pressure at the wafer - cand 
interface low enovgh to keep the card in place. 
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2.52 A piston having a cross-sectional area of 
0.07 m? is located in a cylinder containing water 
as shown in Fig. P2.§2. An open U-tube manom- 
eter is connected to the cylinder as shown. For 
h, = 60 mm and kh = 100 mn, what is the value 
of the applied force, P, acting on the piston? The 
weight of the piston is negligible. 


FIGURE P2.52 


For eguilibrium yp PF BA Where A, is The pressure acting 
on piston Gnd A, ss The aqrea of the Piston, Also, 


fe Bt ~ 
(133 £Y \( 0, 100m) - (2.90 )(0, 060m) 


12.7 BN 
1m 2 


Thus 
? P= (t2a.7 eter Se )(0.07 om?) = SIIN 


RELs 


2.63 A 6-in--diameter piston is located within a cylinder 
which is connected to a 3-in.-diameter inclined-tube manometer 
as shown in Fig. P2,.§3.The fluid in the cylinde, and the ma- 
nometer is oil (specific weight = 59 Ib/ft?). When a weight W 
is placed on the top of the cylinder the fluid level in the ma- , 
nometer tube rises from point (1) to (2). How heavy is the 
weight? Assume that the change in position of the piston is 
negligible. 


m@ FIGURE P2.53 


With piston alone (let pressure on face of piston = Ts 5» and 
Manometer eguetion becomes 


75 = CY, % Sin 50° oe 


~ 

With weight added pressure z, Jncreasés tp ~, where 
/ V7 : 

te = 4 + “Ap ( A,~ avea of piston ) 


and rmanemeter Cf kation becomes 
p, 7 Bj (4+ $#) sin 30° =0 
Subtract Eg.) from £g 2) to obtain 


B'-4 ~ Oj, Of 4) 530° =6 


a A = Oy [2 #) sin 30° 
iP 


W 6 
ree . = (59 2, ) 4 fA )(o.5) 
“($4 


“w= AGO Ib 


Qnel 
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Cl) 


(2) 


as ee see ee Ee ee 


2,54 


2.54 Acircular 2-m-diameter gate is located on the sloping side 
of aswimming pool. The side of the pool is oriented 60° relative 
to the horizontal bottom, and the center of the gate is located 
3 m below the water surface. Determine the magnitude of the as 
water force acting on the gate and the point through which it 
acts. 


60 
Fp = pg A = Lh A, where h. 23m — % 
Thys, 
Fe =(9.8 #4)(2m)(Z(2m*) = 942 kN 
Also, 2 
: a v7) 
yr-)-= YA : where for a circle I,,= TR ~ ptt = E n* 
and cos 30° = fe SO that 
= he 2 3m h, 
Me age “sage = 3.8m by, 
Hence, C 


~ Fre ~ mit 
i = a eS 
Ye Ye %A (34bm) (2m) 


Thus, the resultant force acts normal to the gate and 
0.0723 m from the centroid, along the gate. 


= 00,0723 m 
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2.55 A vertical rectangular gate is 8 ft wide 
and 10 ft long and weighs 6000 lb. The gate slides 
in vertical slots-in the side of a reservoir contain- 
ing water. The coefficient of friction between the 
slots and the gate is 0.03. Determine the mini- 
mum vertical force required to lift the gate when 
the water level is 4 ft above the top edge of the 
gate. 


Fea SAA 
é (2,4 2, \(2fe)(# #4 «10 #) 


39,400 |b 


ZF 


horiaonte | 
Thus, 


N= Fe = 39, 400 |b 
Zz. Frertical =o 


p) 


E = booo |b + (0,03)(34 G00 lb) 


= T2oo |b 
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| (0.03N) =F 
<—W 


Fe 


(000 lb 


F. ~ Maximum 
frictional force 


Fm force to lift gate 


2.56 A horizontal 2-m-diameter conduit is 

half filled with a liquid (SG = 1.6) and is capped 

at both ends with plane vertical surf aces. The air 

pressure in the conduit above the liquid surface 

is 200 kPa. Determine the resultant force of the A. ~ avea of 
fluid acting on one of the end caps, and locate end 
this force relative to the bottom of the conduit. 


Fa ty 


~aQa 
Fa weg 


: : Covered by liguid 
= pA, wheve p's air pressuve 


Te 
Fair = (200 «10° %,)(%)(am)” = Qeom x10 N 
= vt. A, Where a. * 4 (see: Fig. ave) 


317 


Fae 
3 tis 2 

A vuid = (164)(4.81 10°28 J] a T(E Jem) = be aii 0 

For Fi; 


guia » 
e Tye 


Thus, 


\ 
: 2 y = 0.1098 R (see fig, 218) 
a c by 


y 
0.1098 Clim) 


———_—————~7 + 
[tes fie) (£)(% (am) 
3 
Since Mt ita) = Fy ¢ Renna (200m + 10.5 )x10N = b37kNn 
we Con sum moments abeut 0 +e locate vesultaat to obtain 


C 


Yesullant (d) = a (1m) ¥ (1am — 0, 584 Lue) 


gue 
So hat 
(deo xio2n)(im) + (10.5 x10°N)(0. 109m) 


639 x 103 N 


= 0.990 m above botem of Conduit 


Wie 


2.57 Forms used to make a concrete basement wall are shown in 
Fig. P2.57. Each 4-ft-long form is held together by four ties—two 
at the top and two at the bottom as indicated. Determine the tension 


in the upper and lower ties. Assume concrete acts as a fluid with 
a weight of 150 lb/ft’. 


2.h= 0 or bie =F, BH FIGURE P2.57 
and 


2 M,70, or Lh th & =Leb, where = pA=cthA 
T hus 


Fy = 15048 (5 #1) (HAH) = 30 000 |b 
Also, I 
fy = 10H Ya = 10H - ye -(YgYa) = 108 whe eg 
= 10H - 5 ff - BUCO 
s tt (jott) (4H) 
% =Sft-/1674 
by = 3.33 tt 
Thus, from Eo. (2): 


(9 FF, +(1ft) F = (3.33 ff) (30, 0001b) = 99.900 ft-lb 
or 


7F, t fa = 99900 

From £0), F,+he «39000 Ib, or Fz = 39000- F, 
Thus, from £49.03), 

9 F, +30,000-F =99 900 


on 
F,=& 74016 so that f, = 30 000/b -§7¥0/b =21 260 


hinged on one edge. Determine the minimum air pressure, Pi: 
within the container to open the hatch. Neglect the weight of the 
hatch and friction in the hinge. i 


@ FIGURE P2.58 


where 4 lOm + 4 (4m) sin 5p’ 
= /0,5m 


"Le Mio 5m =) loam)” 


= 333x10°Hv 
To /ecate Fr, 
IR ea +# 4. td here 
Met . 
Yee = (Ein) 
(21 om Kat) lam) * 


Jo 


tt Zlay 


For eguilibriam, 
Z My, =0 
So That 
Ee (2). 012m = 20 4) = $ Mim)’ (lan) 
(3,33x10°N)(1.012m) 


aS" SCS fa 
Fs T Clan)* (lon) LoTR fa 
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2.59 Along, vertical wall separates seawater 
from freshwater. If the seawater stands at a depth 
of 7 m, what depth of freshwater is required to 
give a zero resultant force on the wall? When the 
resultant force is zero will the moment due to the 
fluid forces be zero? Explain. 


For a A4tro resultant force 


= 


®o’ov: 


Fes = Fee 


ye 
0, i As ‘ % hae Ay 
Thus, for a unit length of wall 


2 


o 


RSA SPS 


oe, 


+? LW we 


Tn ovder for moment to be Nho | Fe and Fee must be Collinear. 
For Fes} = “5 (V'au)( Tow) 


z + xm = Gblma 
[ZL im) (Toe 4 1a 


Simlarls for Fre , 


a! (im) (4.1m) 
dee 


(2! mn) (7.Nat Xam) 
Thus, the distunee tb Fes trom te bottom (perint 0) is 
Tm-&b2am = 233m, For Frey this AsStawce 1s 


+ ZU = FT 4am 


Dilam~ 474m = 2.370. The forces ave not Colhnear. No. 


Z-$4 


2.60 J 


~~ | ee 
2.60 A pump supplies water under pressure to a large tank as ii 
shown in Fig. P2.60. The circular-plate valve fitted in the short fp. / 
discharge pipe on the tank pivots about its diameter A—A and is 
held shut against the water pressure by a latch at 8. Show that the 
force on the latch is independent of the supply pressure, p, and the Pressure. P Supply 
height of the tank, A. Sf 
he 
Water 
h 
¢ AW2R 
} 


FIGURE P2.60 


The pressure on the gate is the same 
as it would be foran open tank with a 


gk sh nai 
y 


Cc 
as shown in the figure. 


A 
2,M, =O, or tele 


() (yp-X) Fe =REg RNe 
—> Fp 
where 
Fe = fal = SACMR) = (pt¥h)(TR*) 
and TR : 


Tec. 


YeYe" YA “prem apt = GPa) 
(2) R Ye y.A ( tth\ 7R* = 4(& th) 
ve 
Thus, from Eqs. (and (2) 


f= (yp ~ Ye) ae eae 
TRS 4th) 
or 


hg = YeR which 1s independent of both pp and h. 


(Pith) (TR?) 


2.61 A homogeneous, 4-ft-wide, 8-ft-long rectangular gate 
weighing 800 |b is held in place by a horizontal flexible cable 
as shown in Fig. P2.6/ Water acts against the gate which is 
hinged at point A. Friction in the hinge is negligible. Determine 
the tension in the cable. 


at = rh. A Where A. (¢£) sin 60° 


Thus, 
B= (62.4 a, Mf Maribor tes 4ft) 
= 3390 hb 
To locate Fre 5 
pe Te + 
Np a yA i ws he ve 4 = SH4 
Jo That 


_ of Gattay 
Je (3 Fe Gh x 4A) 
For eguili briem, 
2M, =O 
ad 
T (8ftXNoin bo) = I, (4M tosbor) + Be (248) 


= (300 Ib) (442 )(tos bo°) + (8390 Ib) (2 £4) 
- (8 Ft )Csin 0°) 


sft = 46 +L 


ah 


= /350 /L 
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2.63 An area in the form of an isosceles tri- 

angle with a base width of 6 ft and an altitude of 

8 ft lies in the plane forming one wall of a tank , 
which contains a liquid having a specific weight | 
of 79.8 lb/ft’. The side slopes upward making an 

angle of 60° with the horizontal. The base of the | 
triangle is horizontal and the vertex is above the 

base. Determine the resultant force the fluid ex- 

erts on the area when the fluid depth is 20 ft above 

the base of the triangular area. Show, with the 

aid of a sketch. where the center of pressure is 

located. 


Je*( six boe min OA 


= 0,43 ft 
Center of 


he = sin bo® pressure 
-¥4,A = (77.8 a Coe £4) sin so (4 (ett « ate) 


= 33 Goo |b 
— 


ee re 3 
AR é y + 4, Where bo, : Fi (¢44)(¢#t) 
hus ; lew? 


+ dows ft = dat Ft 


(20,43 4t)(4)(6 Fexb#) 


The force Fe atts Through the center of pressure which 


is located ai distance of A fy - 20,6 F£ = Zug ft 
51h 60° —————— 


above the base eof the triangle es Shown (n sketch 


2-S7 


2.64% Solve Problem 2.63if the isosceles triangle is replaced 
with a right triangle having the same base width and altitude as 
the isosceles triangle. 


Fz = 33 900 Ib 
y's 249 £4 


ewe solution fe 
Froblens 2., OF y) 


- savy 


+ X 
A 4 : 


= teh Cen). 32 Lu! 


Pressure 


Lzye ~~ ————___—_—"_ = (see Fig. 2.12 d ) 


Wees 
Qnd oP 20,43 #4 [ see Solution fy Problem 2,63) 


Thus, 32 ft* 


The force , Fe , atts Through The center of pressure with 


Coordinates a * 2.07 ft aaa oF I49 £# (see ske teh, ) 


oe eins aie. } 
R (Ao.43 Ft )(z)(tfece fe) a 7t SOT ee 
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2.65 A vertical plane area having the shape 
shown in Fig. P2.65is immersed in an oil bath 
(specific weight = 8.75 kKN/m*). Determine the 
magnitude of the resultant force acting on one 
side of the area as a result of the oil. 


Break Grea into two parts as shown Ia Figure. 
For areal, 


rte, A, 


(3.75 *4)( £2 Nm £40 ) = 290 4H 


) 


“el 


For aren & 


Fong = Fh Az 
(3.25% )C tet ME) [nn Yen) = 9334N 


Farah t R= Agokn + 73.34N = 373-2N 


2754 
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| 2.66 A 3-m-wide, 8-m-high rectangular gate is located at the 

| end of a rectangular passage that is connected to a large open 
tank filled with water as shown in Fig. P2.64. The gate is 
hinged at its bottom and held closed by a horizontal force, Fy, 
located at the center of the gate. The maximum value for 
Fj, is 3500 KN. (a) Determine the maximum water depth, h, 
above the center of the gate that can exist without the gate 
opening. (b) Is the answer the same if the gate is hinged at the 
top? Explain your answer. 


HBFIGURE P2.66 


Aor gate hinged at = bottom | 
LM y =O 
Ss What 

Can ) Fu, oe L Fe a ae (1) 


ang r 
f= Hh A = (12084 Jk) (3mm x 8m) 
(9.90 4244) 4N v be hy 


| 5 Hy 
yee Lee ny . re limNPm) Loken -% 
"ee oT eae) . 


= 53844 


Fis 


i] 


{] 


Thus, ae 
Winy = A+ ~ (perk) = #- FE 


and trom Fg (1) 
(4m) (3500 4N) = (¥- £.33)(4.30 x 24h.) &N 


So that 
4, = (G2 mM 


(con ¢ ) 


2.66 ( Con t) 


For gate hinged at top 


sy My =O mi 
So That F = & 
(4a) Fi, = Lt (see Ligure ) (1) L, 
tw he re ) Fe Fa 
~ (8.32 = - 
f= ye h-4) = (E38 +4) (A-4 
. a +4 fs 4,- (h-4) 


Thus, from Pa) 


(4m) (35004N) = ($33 +4)/9.90x24)4) RN 
and 
4, = 13.5 ™m 


Maximum depth Pow gate Aingea at +p 1s 
less Than ‘maximum depth fer gate hingea at 
Lo ttem. 
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2.67 A gate having the cross section shown 
in Fig. P2.67 closes an opening 5 ft wide and 4 ft 
hieh in a water reservoir. The gate weighs 500 Ib 
and its center of gravity is 1 ft to the left of AC 
and 2 ft above BC. Determine the horizontal re- 
action that is developed on the gate at C. 


F=¥ te, A, where he, = S444 2S4 
Thus, 
F =lb24 2, (ott (st x st) 
= 15,600 It 
le locade F,, 


3 
yn “ (s¢tNsft) + ie © tis He 
; (1a. 5 ft 5FEK SFt) 


Fi BA, Where y Aid G, (8Lerete) 


E= Y, (2ANA) = 24 Zi, izte)(3 exsK) = 11,230 |b 


For eguils brium e 


me M, =O 
et Be y= st ) + wl) -&A)GBH)-— 4A) 
So That i 3 
(15 600 1612.67 £- ott) + (S00 Ib) Ut) ~f1, 230 bN 252) 62s 
* a ne en D | 
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| 2.68 The massless, 4-ft-wide gate shown in Fig. P2.68 piv- 
ots about the frictionless hinge O. It is held in place by the 2000 
Ib counterweight, W. Determine the water depth, h. 


Width = 4 ft 


h 


— 


Be Yh A where bee 3 


Thus, ha 
ie Uae ax) 


~ bu, 0 b* (ef) 


Ze locate Fe, tal’) — 
f° 2 (44x) ts 


Por egurh briam, 
Zh, = 
fd = DfEE) Luhere d= 4-4, : 


that 
( 2e00 Ip J (2) 
(By, AG Fe) 


t (3)(2ec0 /b ) (3 #4) 
(624 BYGA 


he S.24e 


*2.69 A 200-lb homogeneous gate of 10-ft. 
width and 5-ft length is hinged at point A and 
held in place by a 12-ft-long brace as shown in 
Fig. P2.69. As the bottom of the brace is moved 
to the right, the water level remains at the top of 
the gate. The line of action of the force that the 
brace exerts on the gate is along the brace. (a) 
Plot the magnitude of the force exerted on the 
gate by the brace as a function of the angle of 
the gate, 6, for 0 < 0 <= 90°. (b) Repeat the 
calculations for the case in which the weight of: 
the gate is negligible. Comment on the results as 
0— 0. 


‘&) Por the tree- body -diagram of The 
gate Csee Figure), 


ZF =o | 
So That 
Rg) + WE cose) = (Fy c0s4)(Dsie) + [Fy 510b)(Orse) 1) | 
Also, 
Ls =L sin d (assuming hinge and end of | 
brace at same elevation) | 
or g ; | 
S/h b= i Sin OB 

ana 


6 
ee yhA~ ¥ (AS) (Ou) 
where ur ts The gate widTh , Thus, EG ay Can be wr Hew as 


3 i 
¥ (2 sin 6) ur + gE Cos = ft ( coedsia' ap 1h. aes @) | 


So Thad ’ bis ( vhb ay 
F, = (2) sine + g Cos® _ é ) ane + bd — 
Cosh sinO + Sing Cos 6 tosh tan © + sind | 

For V=62.4 b/ fe? , L=5 ft, lL-= 10 tt, and W = 200 /6 , | 
: (624 zs N5#)* (rote fing + 720-# Aboo fan8 +/00 | 

: —esdnb ssmfB~<C~*sé‘“té« HO HCW a 
(con't) 7 
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(con't ) 


Since sino = sin@ gna €: Sft L=/2 f¢ 


4 
Vu 

l = Ss . 
sing a Ss sIAG 
and for 4 gwin ©, B Can be determined, Thus, £¢.03) 
Cun be ase fo determine A Jor 18 given 4. 


(b) For WO” £3 (3) reduces te 


Fo = 2600 Find __ (#) 
Cosh fin + sing 


Gna Eg in) Can be used +o determine Fp tor & 
given C. Tabu lated data of Fz VS, a) for 


Loth DW)=200/h 4A Weolb Are given below. 


8,deg Fg, lb (W=200 Ib) Fp, lb (W =O Ib) 


90.0 2843 2843 
85.0 2745 2736 
80.0 2651 2633 
75.0 2563 "2536 
70.0 2480 2445 
65.0 2403 2360 
60.0 2332 2282 
55.0 2269 2210 
50.0 2213 2144 
45.0 2165 2085 
40.0 2125 2032 
35.0 2094 1985 
30.0 2075 1945 
25.0 2069 1911 
20.0 2083 1884 
15.0 2130 1863 
10.0 2250 1847 
5.0 2646 1838 
2.0 3858 1836 


A plot of the data is 9iven on The 
fo owing Page. 


(Lon +) 
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CCon't ) 


4500 '~——=— ea 
ADC = tt 
3500 | 
3000 
2500 + 
2000 |- 
1500 | 
4000.+———| 4+-— a eee 
500 | eo a —_ 

0 


Force, |b 


0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 9n 
Theta, deg 


(b) Cconr? 


As 070 Mme value of Fz can be determined trom Bg), 
2600 tan 
Cos$ tenO esing 


re} 


Since 
S/n gp = = spe 


+ follows That 
tos p= V s- sin®d ye Ajund 


and There gre 
boo TanO 2600 


i= - a 
Bb ~2 
1- &. “sin tanb + 2 sing !- i) sm? Ot 2 ab 


Thus, as @—o 


i 
4 


LP4o 1b 


Physically This result CANS That for 6= oO; The value of Fy 


(s data taste. but fy any “Very smal!" volyue ef 5. Fa | 
wi// approach /P #0 /b, 
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2.70 | Amnopen tank has a vertical partition and on one side 
contains gasoline with a density p = 700 kg/m? at a depth of 
4 m, as shown in Fig. P2.70.A rectangular gate that is 4 m high 
and 2 m wide and hinged at one end is located in the partition. 
Water is slowly added to the empty side of the tank. At what 
depth, A, will the gate start to open? 


M@EtiGURE P2.70 


Fes : %; es As 
Wheve a refers to gasoline . 


Fey? (Too Bs )(4.81 St) (2m) (tm 20m) 
= [lox N = WORN 


== Fie, Prue 
where lw refers to water. 

; 3N\(/h) (ae 
Fe (4.80% 10-M)( 8) (2 xh] 
Where h fs depth of water. 

Fe = (9.80 x10) A 


For eguilibrium 3 


= 4) i 
Fp tw = Fag ty wits B= Zane Ags gm 


Thus, (4.80x tw) (4) = (| lo AlON)(£ m ) 


And h= 3.55 am 
Which is The limiting value for h. 
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2.71 


2.71 A 4-ft by 3-ft massless rectangular gate is used to close 
the end of the water tank shown in Fig. P2.74. A 200 lb weight 
attached to the aim of the gate at a distance ¢ from the friction- 
less hinge is just sufficient to keep the gate closed when the 
water depth is 2 ft, that is, when the water fills the semicircular 
lower portion of the tank. If the water were deeper the gate 
would open. Determine the distance €. 


as a Hinge 


200 Ib 
Gate 


BFIGURE P2.7! 


Fx2 th A where h,* 28 sey He, 
ee 


Por we i brium 


erent 37 I) ee) 


locate Fr, 


no ( ae)(S) 


233: IL 


Exe 
ar 
Gok Je 


0. 1098 Rt E YR 


8)(ee) 0 
(6. 6.1048) (2ft)" 4 (2) _ | Iq Ft 


y (2 ci nee 1 ft)” i. 31 
a a 


) 


2. hy =O 


So that 


Joo = Ee (i fe + Ye) 


And 


iif) fee Liaw eel. = a.tatt 


Zoo |b 


2-68 


(see Fig. 2,12) Q = 


[fk 4, 


Y 
——s T vue 
2.72 A rectangular gate that is 2 m wide is i Water 7 
located in the vertical wall of a tank containing 10m Z 
water as shown in Fig. P2.72. It isdesired to have Y Ye 4p 
the gate open automatically when the depth of = 
water above the top of the gate reaches 10 m. (a) 4 a 
At what distance. d, should the frictionless hor- cam | 


izontal shaft be located? (b) What is the magni- 7 ey 
tude of the force on the gate when it opens? | 
FIGURE P2.72, 


(a) Hs depth increases the cexter of pressure roves toward the centroid 
of the gate. [Lf we lecate hinge at Y, when depth=lomrd, 
the gate will open automatically fer any further jncrease tn depth. 


Since, 


3 
LDnxe +5 (Sm eae) 
i = oe ee /2 = /a.llam 
ap aA de (Mondo kon) ‘- 
then 


iT] 


d 


(a lOm = IAJSdan ~ 10m = a./l am 


(4) For the depth Shown, 
fe = yh. A = (7.80 46 Nia) (am x tam ) = 94] RN 
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2.73 A thin4-ft-wide, right-angle gate with negligible mass 
is free to pivot about a frictionless hinge at point O, as shown caileaed 
in Fig. P273. The horizontal portion of the gate covers a 1-ft- 
diameter drain pipe which contains air at atmospheric pressure. 
Determine the minimum water depth, h, at which the gate will 
pivot to allow water to flow into the pipe. 


Right-angle gate 


Hinge 


G@ FIGURE P2.73 


For eguili briam 
Na lanl =o 
Fe xf : Fe x Fa gt 


) 


es re, A, 


: (62.4 BA) (4H xh) 
f25\h" 


Poy the force on the horinonta! portion of the gake 


Cwhich 1s balanced by pressure on both sides except 
for the area of the pipe) 


Ree YACE)AY = baw ph) iA 
ool rin 
Thus, fren £9. 0) wit a and t, > 34 


Gash?) = (40h) (34) 
h=LS8ft 


2.1% 


Use the conce pt otf The pressure 
prism (see figure) 4 


Fey - ae ,, A, 
so That 


2.74 An open rectangular tank is 2 m wide 
and 4 m long. The tank contains water to a depth 
of 2 m and oil (SG = 0.8) on top of the water 
to a depth of 1 m. Determine the magnitude and 
location of the resuitant fluid force acting on one 
end of the tank. 


=(0.8 ae = en Sim £20) 


= 7.85 &W Let ur~ width = 2am 

Fea? pAz Where Rk Is pressure at depth +, . Thus, 

Fog (yy R,) Chew) =(0,8)(9.81 = *, tom 2m x2m) = 314M 
Also, 

Fa = Diep Fes A, So Thad 

Fea = Ying (82 (4. sur) = (7.80 2 KAZ lam xd) = 39% by 

Thus, 

Fa fe, t Fer then = 7.854 + 34 AN + 39.2 4N = TESAN 
Te locate A Sum moments around aA ks Through O, Se That 
A= Fy, + Ra thy mn 


Where J, ts ds tance ts Fr. Since Fi) IF, , and Fes act Through 
The centrojds of Their respective pressure prisms tt follows That 


a & 3 : 7 
= 3 (im) 5) d, = faa + bq = 2am dy = Im +3 (2m) 


and fren FO) 


(7. ashuF)im ) + (3). bAW 2am) + (39, 2 dew) (1 nw + tar) 


d= 


75.5 aM 
= 2.03™ (below ot! free Surface ) 


Z> fi 


(Con 4) 


*2.75 | Anopen rectangular settling tank contains a liquid 2.0 03 
suspension that at a given time has a specific weight tha! varies gel 12.7 
approximately with depth according to the following data: 2.8 12.9 
32 13.0 
————————————————— Se SS ee 3.6 13, 1 
h (m) ¥ (kN/m?) SCE Sl 
0 10.0 

0.4 10.1 The depth h = 0 corresponds to the free surface. By means 

0.8 10.2 of numerical integration, determine the magnitude and lo- 

1.2 10.6 cation of the resultant force that the liquid suspension ex- 

1.6 3 erts on a vertical wall of the tank that is 6 m wide. The depth 


of fluid in the tank is 3.6 m. 


The magnitude of The #lud bree f 
Can be found by summing The fi fatagat 


forces acting on The horrgoatel strip shown 
la The ee Thas, 


oa er 1) 


where 4 Z The pressure at depth fe, 
Jo fwd Pp we use Ge. 24 


= =e 
Gnd wor ty oe 


pa)= [vas (Z) 


pectin C2) Can be lateg vated astnerrgal)y USIAS The 
mM~ 
Fs a / 
AD de | vale, oe, I: Zz 2 bY )(%,, > Rs 


Where Gn x, xnw A AuxA n= ee ee ot dake pointy 
| /he pressure distri bution ss given be] uw), 


h,m y, KN/m*3 Pressure, kPa 


0 10.0 0 
0.4 10.1 4.02 
0.8 10.2 8.08 
tle 10.6 12.24 
1.6 11.3 16.62 
2.0 W2S 21.34 
2.4 12.7 26.34 
2.8 12.9 31.46 
32 13.0 36.64 
3.6 SEA 41.86 


1aTe 


Ccon't ) 


Equation (/) Can now be inte grated numer: cally 
using The trapezoidal rule with Yup and Kuomy 


. ‘ : NV 
The aApprex ymate Value of The categral 1s 71 og 2) ; 
Thus, ws 


7A 


Th # 
fre = 7/07 &N 
(2) 
B= fot Tea = 424 &N 


is We auhe fe Sum monrents about axis formed by Intersection of 
vertical wall and Hard surface, TAuUSs, 


Md 
Bm, b fe pad (3) 
° o a 
The integrand, hp) Can Now be deterrnined an 
/s tabulated Lelow. 


h,m Pressure, kPa h *p, kN/m 


0 0 0.00 
0.4 4.02 1.61 
0.8 8.08 6.46 
12 12.24 14.69 
1.6 16.62 26.59 
2.0 21.34 42.68 
2.4 26.34 63.22 
2.8 31.46 88.09 
3.2 36.64 117.25 
3.6 41.86 150.70 


13) can now be integrated numerically 


& aation | | a oe al 
ans Bescake mis 4 epee IT4t YAN. 
ame eee [apet 2/744 &N 
0 
‘+ folfous trom £G., (3) That 
A 
f= bk ta - bm MIT 4 ha) oe 


R Fe %26 &W 


The vesultant force acts 246m below fluid Surface. 
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2.76 Theclosed vessel of Fig. P2.76 contains 
water with an air pressure of 10 psi at the water 
surface. One side of the vessel contains a spout 
that is closed by a 6-in.-diameter circular gate that 
is hinged along one side as illustrated. The hor- 
izontal axis of the hinge is located 10 ft below the 


N 
N 
N 


gate 
water surface. Determine the minimum torque 
that must be applied at the hinge to hold the gate ats. 
shut. Neglect the weight of the gate and friction NEES 
at the hinge. 
— = 
=>_-——_ N 
“1 i are 
let Wee Jute the i wh loft > H 
U oe P 4 y 
fo hydrestate Pressure distht bution Cc LES) 4 
of water. idles 


F + 
Thus , a X 
i ee = (10 ; a Nive mes a \(s fe) : 3 I 


= 283 Ib 
ana 


F = eS A Where h.2 loft + 4 [2 (4) ze | = 10,15 $t 
So that 


Foe = (62,4 + Fs ){ 10.15 Ft) (BE) ie 2 124% |b 


Also fa 
= se eg 1 (6 
dea Ye A 7 4. where Ie, : +; a e ft) i 1b, 424 
So that 3 y 
" (E)(R#) » (b.92 Ft = 1b.42Ft 
2 


(16.92 4t)(E)(,8 )* 
For eguilbrium, 
Liter e 
ot een e+ A (n~ 3) 


C= (ar3 bls fe) + (a4 lo)(16. 92 $4 - ef) = 102 £t-lb 
s 
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2.77 A 4-ft-tall, 8-in.-wide concrete (150 lb/ft?) retaining wall is 
built as shown in Fig. P2.77. During a heavy rain, water fills the 
space between the wall and the earth behind it to a depth A. Deter- 
mine the maximum depth of water possible withoutthe wall tipping 
over. The wall simply rests on the ground without being anchored 
tot. 


MFItGURE P2.77 


For eguil’brivm, 
o M, =O, or 
LF, =(4in) W, where with L= wall length, 


Wah te = (Iso) (f aM(tH)L = 4ooL Ib 
an 


Fea fe = th A =(62-45)(2)L b= ay2£ h? 


Also, 


Thos, Eq (1) becomes 
(31,2142) = 4 (4ooL) 


= Zi 34 tt 
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*2.78 Water backs up behind a concrete dam 
as shown in Fig. P2.78. Leakage under the foun- 
dation gives a pressure distribution under the dam 
as indicated. If the water depth, h, is too great, 
the dam will topple over about its toe (point A). 
For the dimensions given, determine the maxi- 
mum water depth for the following widths of the 
dam: € = 20, 30. 40, 50, and 60 ft. Base your 
analysis on a unit length of the dam. The specific 
weight of the concrete is 150 !b/ft*. 


FIGURE P2.79 


A Free- bedy- diagram of the day Is 
Shown in the figure at fhe right , Where - 


R= ye | (fer unit lengtn ) 


ow = ¥,(4)(2)() = 40% 2 
Bs 


(e4+ Yar) Q 
es 
. y Peer ye Ye 
F, = hr \(T ) = 
a" & = ( sine Z ae 
_ L 
7 = Ja 3(3,) 


To determine Y, Consider The pressure distribahos on ‘tee befann ' 
Va Fre wR 


7: 
5 
ERR) 9 
Summing moments about A, 
Fy, lS) + & (32) 
(con't) 
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2.78 (con't) 


re (2 )+ A (22) 
5 
Where Rakek.. Substitution of CX PYESSIONS pr F- Gud Fp Ys eld, 


tet 20) 


1 = 
Red, 
Foy eguilibriam at The dam, ZMy=0 so That 
Fy, ~ W(Fe) - &, ee ino (1) 

and with X= 62.4 1b/ft, Y= 50 b/ft? and Rel ft , Then: 

Es s/a4- W= b000L B=: 228 y = 10/3 
S14 8 a sine 

R= 312 (Arto) £ 4,2 £ SPER) — Ce dessin 

Rehr 3-4 r/o) 


Substitution of These eX pressions into E¢ 40 grelds j 
2 = ee ees 2 B1z0 \/10/s 


£ [3/. 2 tapi aoe =o 


Which can be simpli Fi eel to 


3 
22 ko + 209L'R - 399602 10,400 _4 C2) 
Sine 


Thus, tor a given LL 2 can be determines! trom the 


Condition tan b=90/fh | Qqud E¢. (2) solved fy h 


For the dam widths speci tred, the maximum water depths 
are givtn below. Note That for the two Jargest dam 


widtas The water would overflow The clam berore s£ would 


top ple 
Dam width, @, ft Maximum depth, h, ft 
20 48.2 
30 614 
40 71.8 
50 81 
60 89.1 
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2.79 (See Fluids in the News article titled “The Three Gorges 
Dam,” Section 2.8.) (a) Determine the horizontal hydrostatic force 
on the 2309-m-long Three Gorges Dam when the average depth of 
the water against itis 175 m. (b) If all of the 6.4 billion people on 
Earth were to push horizontally against the Three Gorges Dam, 
could they generate enough force to hold it in place? Support your 
answer with appropriate calculations. 


(a f= rh As (4:30 xn", )( 2% )(rS0m « 2, 30%) 


= Sips 


(b) Requirea avevage force per person = 


Since Veguived querage force per person is relatively 
Small. 


2.81 A 2-ft-diameter hemispherical plexiglass “bubble” is to be 
used as a special window on the side of an above-ground swimming 
pool. The window is to be bolted onto the vertical wall of the pool 
and faces outward, covering a 2-ft-diameter opening in the wall. 
The center of the opening is 4 ft below the surface. Determine the 
horizontal and vertical components of the force of the water on the 
hemisphere. 


EA 9, or tyke pel 
Thus, 
Fy = he A= 62.4 a (HHIZ(ZHY = 784 Uoright) 
and 
2 Fy=0 oF, =W “eV =x¥ En 2 , 
where R=/ 4 


Thus, i 
Fy = 62.4 p43 (47 (141)°/6) = 131 1b (don on bubble) 


2.82 Two round, open tanks containing the same type of fluid rest 


on a table top as shown in Fig. P2.82. They have the same bottom weight of Siguid supported 
area, A, but different shapes. When the depth, h, of the liquid in by snelined Walls 
the two tanks is the same, the pressure force of the liquids on the f } 


bottom of the two tanks is the same. However, the force that the 
table exerts on the two tanks is different because the weight in each 
of the tanks is different. How do you account for this apparent 
paradox? 


Area=A Area =A 
@rFiGuRE P2.82 


For the tank with The inclined walls, the pressure on The 
bottom is Gue fp tne weight of The hgua In The @olumn 
Chrectl, above The bottom Gs shown by tne dashed lines im 


the figure. This ts the same Wweigat as That for The tank 
with the straight sides. Thus, he pressure on the botom 
of The two tanks 13 the same. The adctone! weight 
4A The tank with the thclined walls 15 5u pported by the 
Inclined lulls, a5 sTlustrated im the figure. 
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2.83 | Twohemispherical shells are bolted together as shown 

in Fig. P2.83. The resulting spherical container, which weighs 

306 |b. is filled with mercury and supported by a cable as shown. 

The container is vented at the top. If eight bolts are symmetri- 

cally located around the circumference, what is the vertical 

force that each bolt must carry? Fe. MOST Sami Cem of fF 


5 ~ force in one bolt 
pr pressure at mid-plane 
Aw~ area at nud-plane 


Vi ~ weight of mercury in bottom helt 
44 of Shell 


Ww weight of bottom half of shell 


for eguilibriam : 


L om 
Thus, 


Si PA + Wy, + Ws 


yl a)(F 0?) + &,5)(E0)+ 4 (004) 


=(s7 ft (2) (24) nn A) (YE \(o0)+ 190 


1890 |b 
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2.84 The 18-ft-long gate of Fig. P2.84is a 
quarter circle and is hinged at H. Determine the 
horizontal force, P, required to hold the gate in 
place. Neglect friction at the hinge and the weight 
of the gate. 


Hay 
me Fy e 
For egushdrium (trom free-bedy - diagram 
of Flurd mass), 14 Hy fy 
Zi =o i Fy t 
So Thet ft fe Ht 
B=h= Xk, 4 ys . 
de Cr 
= (o2.42,\( S)(are« sete) = 20,200 Ib 
Simi larly , 
2 Fy =—20 
So That 


i 


, Ib 2 - 
FpaW = ¥ (volume of Hut) = (62,4 ye )| FGA) ieFe]- 3/, 800 |b 


Alse, x= 4 (04) _ 2 ft (see Fig. ave) 


A 
qu ¥ = 2 ft 


For e gurls brium l fem free-body-diagram of gate) 
2 he 


so That 
P (ett) = &, (y,)+ A l,) 


or 


3 
(20,200 Ib)(2£t) + (31,8001b)( = Ft) 
12 “is << oy ee. 


= 20,200 Ib 
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2.85 The air pressure in the top of the two liter pop bottle 
shown in Video V2, Sand Fig. P2.85is 40 psi, and the pop depth — 
is 10 in. The bottom of the bottle has an irregular shape with a + in. Sameer 

diameter of 4.3 in. (a) If the bottle cap has a diameter of | in. Pair = 40 psi 
what is magnitude of the axial force required to hold the cap 
in place? (b) Determine the force needed to secure the bottom 
2 inches of the bottle to its cylindrical sides. For this calcula- 
tion assume the effect of the weight of the pop is negligible. (c) 
By how much does the weight of the pop increase the pressure 


2 inches above the bottom? Assume the pop has the same spe- 4.3 in. diameter 
cific weight as that of water. 


gH FIGURE P2.85 


‘gap com x Aree... = (fy te as Yuin)” = 3/4 |b 


(hb) EE 


Vertical 


| Feides = by — @ Zin. above bo Hom) rm 
x (Area) Sides 
\ 


= (Up 


-)(@ T) (4, gin.) F 


58i Ib 


WW 


bettom 
(c) pop. 4+ xh 

] 
3 4o 2, + (tue NEE AN pete, ) 


u 


Yo 2, + 0.299 1, 


Thus The increase in pressure due to weight = 0.284 DSL 
ae is less tan |%> of air ovessuve). 
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2.86 Hoover Dam (see Video 2.) is the highest arch- 
gravity type of dam in the United States. A cross section of the 
dam is shown in Fig. P2.86(@). The walls of the canyonin which 
the dam is located are sloped, and just upstream of the dam the 
vertical’ plane shown in Figure P2.@6() approximately repre- 
sents the cross section of the water acting on the dam. Use this 
veitical cross section to estimate the resultant horizontal force 
of the water on the dam, and show where this force acts. 


45 ft 
a be 


eee 660 ft =a 
(a) {b) 
W@ FIGURE P2.96 


Break Grea inte 3 parts as shown. 
For are | -° 


be = rh A=(b24 bss )( 1844) 3) rs 4) 6) 
= (87 a/p* 

Lor area 3. eo Fe, = Ls7xlo" lb 

For Qvrea 2: 
Fe.= rh, Aa = hz BN 4) (154) (2% A) 0c) 

= 413 x/07 Ib 
Thus, 
ip 


N 


7 ad ke a 157 xX) ls + 463x071, + 157x10° ls 
Tixie’ ht 


Since The ‘moment of The resultant force about The base 
of The dam must be Ofaal tp The Moments due Lo 
ha f FR, , aun P23) (t fellows Wat 


(Cen ‘Zt ) 


2785 


ua 


2:86 | (eet) 


Fax Fe G)iste) + (4) lust) + me (2)(n5#4) 


7.77 x107 [5 
= 4ob + 
Thus, The resultant hor aon tal ees on The dam Us 


Lira” 2 acting 4ob #t up trom The base 
of The dam along The Qktls of syinmetry of The 4rea. 
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2.87 A plug in the bottom of a pressurized 
tank is conical in shape as shown in Fig. P2.97. 
The air pressure is 40 kPa and the liquid in the 
tank has a specific weight of27 kN/m*. Determine 
the magnitude, direction, and line of action of 
the force exerted on the curved surface of the 
cone within the tank due to the 40 [<Pa pressure 
and the liquid. 


FIGURE P2.87 


farp A “- 


For eguilibrium , 


Z a ar — 
So that 

F ae A os W/ 
where F. is the force the Cone exerts 
of the fluid. 


| 
| 
| 
| 
: 
| 
| 
| 
Also, kK— a 5 
Tr 2 
te ae (40 th ee (a ) tan 30° 2 


= (40 -4P. )(E )(1.156m)* 4.9 AN : ; 
sed d= 2tan30°- 1.155 mm 
we ¥ [FA m)- F270] volume of tome = F (A) 
ture ree Aa] 
= (a7 a8 V(r) (155m) (Fm) = 754 bn 
Thus, 


Foz 449 &N + 715,44N = 17 AN 


Qnd the © Pte: on The Cone has a magnitude ok WTF &kN 


Qnd 15 Guirectecl vertica He, Sowrnwarel qlong The Cone @Xis. 


2.88 The homogeneous gate shown in Fig. P2.88 consists of one 
quarter of a circular cylinder and is used to maintain a water depth 
of 4 m. That is, when the water depth exceeds 4 m, the gate opens 
slightly and lets the water flow under it. Determine the weight of 
the gate per meter of length. 


Consider the free body diagram: of 


the gate and a portion it the water asshown. 
gate 


= M, =0 » OF pid te 
LW+hW,- Gye, -F£,=9, where 
Fy =O, A = 98x10" pix (35m) (Im)(Im) = 43k 


since forthe vertical side, he =4m-OSm =3.5m 
Also, 
Fy =0n,A = 9.PK/0" zs (4m) (1m) (1m) = 39.2 kN 


Also, wv 
W = SUmP -— (ZCm)*) (im) = EXO; 3) 1 - 2 m3= 2.10 kV 


Now, b, = 05m and 
ha 0.5m + (Vo-¥.) = 0.5m +— = oem ¢ allem imy 
- me Yc A 3,5m (im\lm) 


and f,= Im- #& =/- Fim = ae 


To determine £, ere a unit sqyare that 
consits of a guarler citcle and the remainder 
as shown inthe figure. The centroids of areas 
Q) and @ areas indicated - 
Thus, 

(0.5 - =)A, = (0.5-£,)f, 


=0.52%m 


(con't) 
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Ccon't) 
so that with A,=B) =F and hz1-Z£ ths gives 


oma 3 S 
(0.5-sh)E =(0.5-4)(1-2) 
or 

(8) ff = 0,223 m 


Hence, by combining Eqs (1) throvgh (9): 


(0.S76m)W +(0,223m) (2.40kN) — (24.3kN) (0,524m) -(39.2kN) (0.5m) =0 


of 
W=644kWN 


Vo lume = + 
2.89 The concrete (specific weight = 150 : 
Ib/ft*) seawall of Fig. P2.8% has a curved surface 
and restrains seawater at a depth of 24 ft. The 
trace of the surface is a parabola as illustrated. 
Determine the moment of the fluid force (per unit 


length) with respect to an axis through the toe 
(point A). 


FIGURE P2.89 


The Components of the fluid force acting 


on The wall are 5 ahd W as shown 


on the #Igure where 


b= X8,A = (tH oF, NAEP erg xl¢t) 


= 18,400 & and gy, 7 thf = PFE 
Alse, 

ws ye 

To determne ~ find aveq 8C0, Thus, 


(see “gure fo right) x, 


Xo 
A j[ (a4 9 dx = (24-0.gx ) dx 
2) 


ra) 


37%. 
[ 24x =~ as i ( Note: All lengths A ft) 
and with 47 Vo . A = 175 ft” se thet 
+= Ax lft = 175 £17 
Thus 
> = (t40 &, irs 43) = I, 200 bb 
Toe locate centrosd of A> on 
Xp - 3 > 0.2% 
x%A = [= dA = | t4-4) 4 ax = [ (24x-0,2x ddx = (2% ~ 
(2) 3) 
(2) 


42. ( ae 0. 2 (Was.)” 


4 


= 4 £ 
i7s 


Fy ~ W (IS- Xe) 
(19, 400 b ete) - (11,200 b is Le-4n fz) = 2§ 200 $4 b,) 
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2.90  Acylindrical tank with its axis horizontal 
has a diameter of 2.0 m and a length of 4.0 m. 
The ends of the tank are vertical planes. A ver- 
tical, 0.1-m-diameter pipe is connected to the top 
of the tank. The tank and the pipe are filled with 
ethyl alcohol to a level of 1.5 m above the top of 
the tank. Determine the resultant force of the 
alcohol on one end of the tank and show where 


it acts. 
/ 
= centroid 
Fe = ev. A 2 Om be 
tuheve te= bSont Lom = 25m | Fie 
So That Rp YC 
4 -_ 
dad of pressure 
BeOS esol Pipe) = ban eu | 
Alse | 
* ye ie eee 
Jr - ie 
Y, A 
where Y, = 4. Jo Thed 
7 Clan)? 
i - + 2.5m = d.bom 


(3.50 (E) (em)? 


Thus, the vesultaat force has 4 magnitude of b60.8&N 
Qud acts at a distance of i Sa > &2.bom-A. 50m = 0.100 
below center of tank Chd wa//. 
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2.91 If the tank ends in Problem 2.90 are 
hemispherical, what is the magnitude of the re- 
sultant horizontal force of the alcohol on one of 


the curved ends? 


For € gu Whriam 


a > Fi 


ZA 


(see figure) 


= 608A4N 


(Since Solution fer horiyon ta! force 
Jame gs fer Problem 2.40). 
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2.92 An open tank containing water has a bulge in its vertical 
side that is semicircular in shape as shown in Fig. P2,92. Deter- 
mine the horizontal and vertical components of the force that 


the water exerts on the bulge. Base your analysis on a 1-ft length 
of the bulge. 


BFIGURE P2.92 


Fi ~ hori gontal force of wall on Flusa 


A vertical force of wall on Fluid 


F; 
Qo = Ste » Vol 
= (czy Hh,)( TEE J (1 4) 
= 9F21 “a 
Fz ¥h.A = (62.4% , )(b Fe +34) (b FE x! Fe) 
= 132 7046 


Por equilibrium , r, =% = 382 |b t 
and ne a 3 3701b<— 


The force the waker everts on the bulge is 


Chual te , bu lk Opposite in A rection te F, ane 
Fi, above. Thus, 


(rh, = as70lb—= 
aE hE) | a 
( Jwen = 982% 4 


D-F4. 


2..93 A closed tank is filled with water and has a 4-ft- 
| diameter hemispherical dome as shown in Fig. P2.92 A U-tube 
manometer is connected to the tank. Determine the vertical LGN 
force of the water on the dome if the differential manometer 
reading is 7 ft and the air pressure at the upper end of the ma- 
nometer is 12.6 psi. 


| Gage 
fluid 
(SG = 3.0) 


For eguilibriam, 
Zz 

So That 

f= fh - We 01) 


Where ke The doves. The dome exerts on Me Flyid 
ana yp is The water Pressure at the hase of The dome 
From The rmanomete r, 


7 Deg (7 ft) = Ge (4 £4) aie cy 


Jo TAat 
p= (12.68, ) (ive .)t + (Bo)(b242,) 7 H)- ry 4 AGH) 


Z 86 


ery me 


lo 
fe 


Thas, trem EG, ) with Volume of sphere = (diameter )3 


= (2080 5. MEN se) — 4/264) ] e248, ) 


= $5, /00 lb 


donok Taat the vertical force That The water 
exerts on The dome _/s BF, 100 |b a 
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2.94% A 3-m-diameter open cylindrical tank 
contains water and has a hemispherical bottom 
as shown in Fig. P2.94 Determine the magni- 
tude, line of action, and direction of the force of 
the water on the curved bottom. 


k—3m—4 
BFIGURE P2.94 


Force = weight of water Supported by hemispherical betton 


Yala of Cyhnder ce (volume of hems sphere) | 


7 


7.602% E (3m) (dem) = = (3m) 


' 


485 2N 


The force is divected vertically downward | qud due 


xo symmetry it acta on the hemisphere 


along The 
Vertical axis of the Cylinder. 


495 &N 


ae ay @ 


2.95 Three gates of negligible weight are used to hold back 
water in achannel of width b as shown in Fig. P2.4S. The force 
of the gate against the block for gate (b) is R. Determine (in 
terms of R) the force against the blocks for the other two gates. 


ie Cece m FIGURE P2495 lly 
Fz2 bh, A= HA hus) = th2h i i 


Quad In* Zk 


Thus 


oe 
5o That LR= Ee L)f. 
Le=(Zk (tee ) 


FR 


—> gate 
Fe = =R width=b 


uy 
R= (/) 4h (See 
on 2" 5g 298) 
For Case (a) on free- body- chagram Showh 


Fie = this (From above) Gnd 
Te Sk 


and 


DW)= Sx Vl 
(4 )* ) 
[a 
woh? 
lé 
Thus, = My 20 
si CL, 2 
W(4- #)+ RRA) = th 
Gud a Z 
et. th ) + thd (34) =i A 
Ccont ) 
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2.45 (Cont ) 


LL ol /ous That 
F3 > YAL (0.340) 


From £9.90) — th*b=3R, thus 
fz2 119% 


fer Case (eo. tor the free- body ~ Hagram Shhowh , 
the force *e, ‘on me Curved section passes Through 


the hinge pee Therefore does wot Contribute “4 
The momené Ground #. On 5oHom part of gate 


fy ThA = FEL fab) = Bah 


ang 174 fay 
Boe gee py = OV) | 5, 
tA (2x) * 
= 8 
= <° h 
Thus, 
= My 
So Tat 
iH Joh 


= e 2 
ae Dent ) ZY hb 
From £9.01) ghb= Fk, thus 

fn7 pe= QSTSK 


2.97 A freshly cut log floats with one fourth of its volume pro- 
truding above the water surface. Determine the specific weight of 
the log. 


| 
£Y 


/ 
V = log volume 
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— 
— 


Y 
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2.98 Arriver barge. whose cross section is ap- 
proximately rectangular. carries a load of grain. 
The barge is 28 ft wide and 90 ft long. When 
unloaded its draft (depth of submergence) is 5 ft, 
and with the load of grain the draft is 7 ft. De- 
termine: (a) the unloaded weight of the barge, 
and (b) the weight of the grain. 


(a) £,y 29 wi li brian , 


Sft 
a Myerteel =2 Te 
So that ° 
; : W,~ weight of bavee 
_-E- S ted : ‘ 
Wl, A dee bi merged volume ) Cunloadea ) 


i 


(624 2.) (of x eH x tft) 
786,000 Ib 


I] 


(b) vk 


Vertical : 


W, + We - E : bi 2 { cabtaerued voltage) 


| 


Wa ~ weight of grain 


Wa = (62.42) (ne x 28F4 x 90 ft) ~ 78b, ovo |b 


= 315; 000 |b 


2.99 A tank of cross-sectional area A is filled with a liquid of 
specific weight y, as shown in Fig. P2.99a. Show that when a 
cylinder of specific weight y, and volume ¥ is floated in the liq- 
uid (see Fig. P2.99b), the liquid level rises by an amount 
Oh = (y2/ y,) V/A. 


(a) 


W = weight of cylinder = OY FIGURE P2.99 
For equilibrivm 


W = weight of liquid displaced as Oi ha Ar =$% where eA =h, Ar 
Thus, 


However, the final volume within the tank ps eqval to the initial 


volume plus the Volume, 4 of the cylinder that 1s submerged. 
That is, 


(H+ah)A = HA + 
Or 


_% 4 
ah= aes 
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2.100 When the Tucurui dam was constructed in northem 
Brazil, the lake that was created covered a large forest of valu- 
able hardwood trees. It was found that even after 15 years un- 
derwater the trees were perfectly preserved and underwater log- 
ging was started. During the logging process a tree is selected, 
trimmed, and anchored with ropes to prevent it from shooting 
to the surface like a missile when cut. Assume that a typical 
large tree can be approximated as a truncated cone with a base 
diameter of 8 ft, a top diameter of 2 ft, and a height of 100 ft. 
Determine the resultant vertical force that the ropes must resist 
when the completely submerged tree is cut. The specific grav- 
ity of the wood is approximately 0.6. 


For egailibrium : 


2. one [ =— 


So Thet 
T= ew 
For a truncated Cone, 
Volume = Zh (h+ky +h) 


Where.’ = base radius lo ~ weight 


h 
j 
r= Pep radius F, ~ buoyant force 
h = height T ~ tfnsion in ropes 


Thus _ (7) (100 ft) 9 
ye (MC MON ty l's (ite ite) + 048) | 


= 2260 ft? 


For buoyank force , 
f, = Ons an = (42,4 lk) (220044) = )37 poo Ib 


tree 
For weight , 
DY) = Un KK =. = (0.6 )(z.4 a, [zz00ft*) = 82 nol) 


Yee ae 


Frm &9.0) 
T = /37 000 fb 62 4o0/, = S44 600 lb 
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2.102 An inverted test tube partially filled with air floats in 
a plastic water-filled soft drink bottle as shown in Videu V2.7 
and Fig. P2.102.The amount of air in the tube has been adjusted 
so that it just floats. The bottle cap is securely fastened. A slight 
squeezing of the plastic bottle will cause the test tube to sink 
to the bottom of the bottle. Explain this phenomenon. 


When the test tube ls Floating 

The weight ef The tube, 2) ts 
balanced b, The buoyant force, Fa, 
As shown in The figure - The buoyend 
force ts due to The displaced volume 
of water 45 Shown. This displaced 
Volume is due ts The a Pressure, A 

a 

tra ppea in The tube Where 

p= et Seg When the bottle bs 
SGucered , The air pressure In The 
bsttte B Vs Increased slightly aud 

ge : % 

TAG” in Cura increases Pp, the pressure 
Compressing The alr in the ‘Lest tube, 
Thus, tae displaced volume 1's decreavd 
with a subseguent decrease im Fa, 
Smmce TW 1s Constant, a decrease m 
m will Cause The test tube to Sink. 
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Test tube 


Water 


=-Plastic bottle 


@ FIGURE P2.102 


volume 
displaced 


ag | a RAL 
‘ * i 


2 | 
we : 
cr 


‘ 
¥ ma 
| * 
. 
€ ‘ 
oe ' 
‘ 
. 
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2.103 An irregularly shaped piece of a solid 
material weighs 8.05 lb in air and 5.26 lb when 
completely submerged in water. Determine the 
density of the material. 


W Gis air) = a * (volume) Where ~~ density of material 


WAG water) = 32 x (volume) — buoyent Lovaas 
= le: x (volume) ~ oe dx [volume ) 


Thus, 


Ww Cia ar) il - / “ 
Ww Gn wafer ) - aii (20 [- (ee 
or | 
Siu 
7 [i260 = [94 5 See. slugs 
c* j - W lin water) eig — +43 
W Gin air) «OS Ib 
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2.104 A 1-m-diameter cylindrical mass, M, is 
connected to a 2-m-wide rectangular gate as 
shown in Fig. P2.j0%. The gate is to open when 
the water level, h, drops below 2.5 m. Determine 
the required value for M. Neglect friction at the 
gate hinge and the pulley. 


1-m 
diameter 


FIGURE P2.104+4 


x! 
iF 


YEA 
4 T 
(2) &2) 


. 
Re au 


TF 


' 


“ Mg 
Where all lengths ave in mm. Hy ua Y 
rae, _v 3 
For eguilibrium , a H tk 
x B 
Z M,=0 
So thot 
*} 
“7 2 (E) 5 z yx 
and 7 y #3 
* “TS 


Thus, 
M = a 7 ya + ¥(E Vy (£-1) 
¢ 
and for W=2.5m * 
5m ) Oy ign | Bei = Wake 
ftie (9.80x10 ~) (2.50) gp Elm) (2.8m ~ Lo ) 
7-8) 2 
= 2480 24 
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2.105 When a hydrometer (see Fig. P2.105 and Video V2.8) hav- 
ing a stem diameter of 0,30 in. is placed in water, the stem pro- 
trudes 3.15 in, above the water surface. If the water is replaced 
with a liquid having a specific gravity of 1.10, how much of the 
stem would protrude above the liquid surface? The hydrometer 
weighs 0.042 lb. 


Fluid 
surface 


BFIGURE P2105 


When the hydrometey is Floating 
its weight W418 balancea by 
The buoyant force, ig. For 
CE uilibrium ; 


ie 


Vertical 
Th us, for Water 


Fy 2d 
(d, \w = W (1) 
zo/ f 
where 4% 1s The Submerged volume. Witn the new 


liG@usd 

Aut (564) (%,,)%=w (2) 

Combining Egs.(1) andl?) with W eoastant 
Ono) e (sa)(Vj,.) V2 


ye (om | 


5G 


Gund 


(cont ) 


2 ~1 OF 


i) ee |e 0.0421 - 73x ft" 
I 1h 62.4 1, 


se that from F4.3) 
~f 8 ate~,'s 
We 6.73 x0 ft - gi2zxw tH 


psy 5 FS SE a 73-L.12)xw ft? = O.b/XI0 fe? 
To obtem This di Frevence the change In length, As, ls 
(Z )(0.90m.) Af = (6.61 xt £43)(1728 i) 
AL= |. 49 th. 


With The new egurel the stem Wwogld Protrude 
Risin. th49 ino = AbeIN- above the surface 
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2.106 A 2-ft-thick block constructed of wood 
(SG = 0.6) is submerged in oil (SG = 0.8). and 
has a 2-ft-thick aluminum (specific weight = 168 
lb/ft?) plate attached to the bottom as indicated 
in Fig. P2106. Determine completely the force 
required to hold the block in the position shown. 
Locate the force with respect to point A. 0.5 sf SE 


amare 


FIGURE P2.106 


an Aluminum 


ke 
for egui librium F 
ZF ptcal =o 


so that 
F = We Fage * Wan Fe sft 
where : 


Vue = (54,,)(%,,, ) aA us ~ wood 


i a ~ aluminum 


= (0.6) (62.495 ) (4) (tofexvftx2fe)= '500 bb Pini toces: CNL lelodt 
Wa? (1be42s (os fx loftx 2£¢) = 1680 Ib 
Fa, 7 (S6,., (Sig Min = (0.8 r(oa.4 Bs YL) (ioft x ¥f4 «2 fe) = Zo00 Ib 
Fant (S4,y) (Sinn) %e = (0.8) (02.4 2, )(0-SH + loft x 2H) = 499 Ib 


Thus, 
F= 15001, ~—2e00lb + 1680 Ib- $49 Ib = 68! lb upward 


Also, 

z M,=0 
So That 
(19 st) (w,,- | te (5#t)(W, - Fe.) 


4 (v2! lb) = (12 £4) (is00 Ib- 2ooo Ib) + (544) (1680 Ib - 499 bb) 


or 


and 


JL = 6.22 ft te right ot Point ra 


~ 
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2.1497 (See Fluids in the News article titled ‘“‘Conerete canoe,” 
Section 2,11.].) How much extra water does a 147-lb concrete ca- 
noe displace compared to an ultralightweight 38-lb Kevlar canoe of 
the same size carrying the same load? 


for equilibrium, 

as Peres 
and Dy) = Fe = he and 15 lis place ct Volume, 
\-W 


=O 


For Concrete Canoe, 
147 w=(b2.4 2.) V7 
Wp 2-4, BL EEF 
By Kevlar Canoe, 


32 |b=(624 2) Vi, 


Fp 


VY = 0.609 FE 
3 
Extra. water cisplacement = Z. 3b ft 0. bog ft 
a5 ee 


2 fOF 


2.108 An ice berg (specific gravity 0.917) floats in the ocean (spe- 


cific gravity 1.025). What percent of the volume of the iceberg is 
under water? 


For equi 'brivm, 


W = weight of iceberg = Fe =< bvoyant force 


Tee 0 


ice Vice ~ hi ee ) where vs = volume of ice svbmerged. 
Thus, 


ob Vice _ SGice _ 09/7 
Vice Cocke SGocean 1,025 


O69s 4 69S 7, 
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2.110 [tis noted that while stopping, the water surface in a glass of 
water sitting in the cup holder of a car is slanted at an angle of 15° 
relative to the horizontal street. Determine the rate at which the car 
is decelerating. 


dz 
dy Gt az 
where Az =0 and dz = fan lS 20.268 


dy 
Thus 


ay ay 
=- ££ 24 =~ —, 
0.268 Pp 32,.2Ft/s* 


or’ 
fv ft 
qy = - (0.268) (32.2 42)=- §.43 fe 
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2.11! An open container of oil rests on the 
flatbed of a truck that is traveling along a hori- 
zontal road at 55 mi/hr. As the truck slows uni- 
formly to a complete stop in 5 s, what will be the 
slope of the oi! surface during the period of con- 
stant deceleration? 


dz _ ay 


OF ess (eq 2, 
dy it G4 ag 2iet) 


fine/ veloc te, - initial velocity 
time interval 


am. 
O- (5.5 mph 04410 3. ) 
amph 


Ss 


(-492 4) 


Bl +0 


2.412 A 5-gal, cylindrical open container with a bottom area 

of 120 in.* is filled with glycerin and rests on the floor of an 

elevator. (a) Determine the fluid pressure at the bottom of the 

container when the elevator has an upward acceleration of 3 

ft/s*. (b) What resultant force does the container exert on the 

floor of the elevator during this acceleration? The weight of the 
- container is negligible. (Note: | gal = 231 in.?) 


= 
ag DoA= volume 
) 3 
[ap = —pP (444) dz ae (120 fa ie (5 4a (Be ) 
(o) #. 4. = G63 in. 
and 
Pipa 
= (aun Sf \a22 -ae) 463 $y) 
= bb 
= bo 2, 
(b) From free-bedy -diagram of Container, 
Ege 4,4 tA 
4 Ib [f° 
= (68.9 B,) (aan ‘ eG “] I 


if 


571.4% ib 


Thus, force of container on floor Is 517.4 [b downward. 


2 


2.113 An open rectangular tank 1 m wide and 
2 m long contains gasoline to a depth of 1 m. If 
the height of the tank sides is 1.5 m, what is the | 
maximum horizontal acceleration (along the long © 
axis of the tank) that can develop before the gas- 
oline would begin to spill? | 


To prevent spi lhing, 


= LSm— 10m 
- ———__ = - 0,50 


Iam 


(see figure ) ; 


Since, 


dz = 


So That 


> =f = 2, mae = 
(Gy). (~o50) 7.81%) = 491% 


(Wete: Acceleration Could be either +e the Fight or the left, ) 


2.114 Ifthe tank of Problem 2.113 slides down — 
a frictionless plane that is inclined at 30° with the 
horizontal, determine the angle the free surface 
makes with the horizontal. 


From Newtons Amd laur , 
Z Fy = m ae 


Since the only force in the 4 direchioy 
/s The Com ponent of weight (img )sin@ 
(an 9)sine aan he nmr mass of tank aa 
So That Gasoline 
ay 
and there fre 
G2 
| 
Also, 


. 3 sin@ Cos@ 


g = 2 sin sin O 


_ -S1N6 6050 gin Oc058 


h = ue? e cos’? 


Hence, be = -7gn 9 so thal the free Saas 
surface is at the same angle as the plane. 


= -/4n0 


4 =439 


2.115 A closed cylindrical tank that is 8 ft in diameter and 
24 ft long is completely filled with gasoline. The tank, with its 
long axis horizontal, is pulled by a truck along a horizontal 
surface. Determine the pressure difference between the ends 
(along the long axis of the tank) when the truck undergoes an 
acceleration of 5 ft/s”. 


= — (132 EP ls fe Nay fe) 


t 
=» . 5o & 


tt2 


Ib 
4°" = #58 2 6. 


206 7 


2.116 The open U-tube of Fig. P2.1!6 is par- 
tially filled with a liquid. When this device is ac- 
celerated with a horizontal acceleration, a, a 
differential reading, h, develops between the ma- 
nometer legs which are spaced a distance [ apart. 
Determine the relationship between a, [, and h. 


FIGURE P2.116 
OE i ell (Pe, 2o73 
J ee 

Since y) 

AP So ” 

da - AL and a Oo 
then 4 7 Qa 

ea ge 
Or y) , QL 
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2.117 An open 1-m-diameter tank contains 
water at a depth of 0.7m when at rest. As the 
tank is rotated about its vertical axis the center 
of the fluid surface is depressed. At what angular Chea 
velocity will the bottom of the tank first be ex- 
posed? No water is spilled from the tank. 


Eguation for Surtaces of Constant pressure 


y 
( &9. 2,32): x 
R 
Z= ey al + Constant ig : 
a) Rew initia | dapth 


For free surface with =o at F=0, 


4 « 2 el 


2 
The Volume of Fluid th votuting tink is given by 


R 
R 2, 4 
t+ [evrkar « art‘ » T2%F 
(2) 


‘£ 


} z5 3 
Since The shitval volume, Wore hy, must egual the final 
Volume, 
"te # x) 
Seo that F 
1 O*R’_ rh: 


or 


4 (4.21% )(o1m) 


= 0,5 Vad 
( @ fn )* : 
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2.118 An open, 2-ft-diameter tank contains 
water to a depth of 3 ft when at rest. If the tank 
is rotated about its vertical axis with an angular 
velocity of 180 rev/min. what is the minimum 
height of the tank walls to prevent water from 
spilling over the sides? 


For free surface , i. % 
t 
4, = = +f (Eg. 2.32) | | 


the volume of Fluid tn the votating tank is given by 
R R 
4g = [amrd dr = an [ (2%? hr) dr 
0 2 
ba 
= Tak’ , rh R* 
Ce | = 


4 
rev 2 kad I min Si 


+ wh, (ite) 
¢ (32.2 ) 
se 
= wrlavted.) (with 4, tn Fe) 


Since the inital volume | 


es mR* 4h. = ow (144)* (ste) = 30 #3 
and the final volume must be egual, 


Ho ¥ 
or 

w (2.74 +h.) ft3= 30 ft 
and 4, * 0.240 Ft 


Thus, from the first Cg ua tion (eg.232) 
- wr* + 
4 = ot 6.240 F 


2 2 
aud FeV x Yad . [min (it) 
Hy (130 ah «a pad Uo) (ue + O.0tt = SLL 


a (32.2 ) 


27 


2.419 A child riding in a car holds a string attached to a fluat 

ing, helium-filled balloon. As the car decelerates to a Stop, the 
balloon tilts backwards, As the car makes a right-hand turn, the 
balloon tilts to the right. On the other hand, the child tends to be 
forced forward as the car decelerates and to the left as the car 


makes a right-hand turn. Explain these observed effects on the 
balloon and child. 


A floating balloon attached to 4 stringwill align itself so that 
the string it normal to lines of constant pressure. Thus. sf the 
car is hel accelerating, the lines of p= constant pressure are 
hortzontal ( gravity gots Vertically down , and the balloon floa fs 
“traight up" (¢.e. 8-0). If forced to Fg -W = buoyant force 


ag -weight 
the sjde (6 #0), the balloon wil] return — a 1g “9 
to the vertical (9-0) eg lbrivm g,—- 
posrtion.in which the two forces es Pe 
Tand fg-W ine up constant a tens Le 


pressure lines 


Fig.) Mo acceleration , 8 = for 


dpe 


equilibrium. 
Consider what happens when the car decelerates with an 


car 
amount qy <0 . As Show by Eg, (2.28) Zz —decale- 
the lines of Constant pressure are not i =y car, 
horizontal, but have q slope of - 7 a Oa mots on 
dz q a = 
a = -—%*— - - "¥ 59 sinc€ Q2=0 AW => 
dy g + Gz g , a 


at 


and 4y<0, Again, the balloons equilibriym 2 
pf , on j : 7 d 
position is with the string normal to £ <const. ¢ _ 
lines. That is, the balloon te fts back as - 
the car stops. on \- 
When the Cal” duras 5 Qy = a (the cenitituga| * 


Fig.(2) Balloon aligned so that 
string is normal to p=constant 


lines 


Fig. (3) Lett turn bajloon tilts te 
right 


2.120 A closed, 0.4-m-diameter cylindrical 
tank is completely filled with oil (SG = 0.9) and 
rotates about its vertical longitudinal axis with an 
angular velocity of 40 rad/s. Determine the dif- 
ference in pressure just under the vessel cover 
between a point on the circumference and a point 
on the axis. 


A 


Pressure in & rota ting fluid vanes 
ly accordance with the eguation, 


puPy-* 


P : = - x2 + constent (eg. i. 33) 


Since.  Zy= 


fat - Le 20>| 


= (0.9910? 38, )( 40-34)” [O2m)t- 0} 


a 


= Soe kPa 


219 


aa 


2.121 (See Fluids in the News article titled “‘Rotating mercury / Receiver 

mitror telescope,” Section 2.12.2.) The largest liquid mirror tele- [Light rays 

scope uses a 6-ft-diameter tank of mercury rotating at 7 rpm to pro- 
| duce its parabolic-shaped mirror as shown in Fig. P2.121. Deter- 

mine the difference in elevation of the mercury, Ah, between the 
edge and the center of the mirror. 


Mercury = 
BFIGURE P2.121 


For free surface of rotating hh qued » 


arr? tonstant (Eg. 2.32) 
7 
let Z=0 at v=o and ‘therefe 
Constant =o. Thus, 
Ah=d2 for r= 34L e@nd z 
with v 
ad Loma 
Ww Gi rpam } )(an Kad )( Lami) 
= 673 
tt follows that . 
2 
Ries (0.133 %#2)"(3 £e) 
Zz. (32.2 £2) 


Z= 


= O01) & 
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2.122 Force Needed to Open a Submerged Gate 


Objective: A gate, hinged at the top, covers a hole in the side of a water filled tank as 
shown in Fig. P2.122 and is held against the tank by the water pressure. The purpose of this 
experiment is to compare the theoretical force needed to open the gate to the experimentally 
measured force. 


Equipment: Rectangular tank with a rectangular hole in its side; gate that covers the hole 
and is hinged at the top; force transducer to measure the force needed to open the gate; ruler 
to measure the water depth. 


Experimental Procedure: Measure the height, H, and width, b, of the hole in the tank 
and the distance, L, from the hinge to the point of application of the force, F, that opens 
the gate. Fill the tank with water to a depth h above the bottom of the gate. Use the force 
transducer to determine the force, F, needed to slowly open the gate. Repeat the force mea- 
surements for various water depths. 


Calculations: For arbitrary water depths, h, determine the theoretical force, F, needed to 
open the gate by equating the moment about the hinge from the water force on the gate to 
the moment produced by the applied force, F. 


Graph: Plot the experimentally determined force, F, needed to open the gate as ordinates 
and the water depth, A, as abscissas. 


Results: On the same graph, plot the theoretical force as a function of water depth. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


BM FIGURE P2.122 
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Solution for Problem 2.122: Force Needed to Open a Submerged Gate 


Lo ita in. b, in. y, Ib/ft*3 Inc, ft*4 
4.0 62.4 0.003472 


F, Ib F,, Ib d, ft 
10.1 15.69 0.264 
8.9 13.43 0.266 
7.6 11.44 0.269 
6.7 9.97 0.272 
5.8 8.49 0.276 
47 7.02 0.281 
43 6.15 0.285 
7.4 2.9) 3.81 0.307 


Since h > H, A= H*b = constant and |,, = b*H*3/12 = constant. 


F = F,*d/L, where F, = y*(h - H/2)*A, d = H/2 + (y, - Yc), and y, - Ye = Iye/(h - H/2)"A 


Problem 2.122 
Force, F, vs Water Depth, h 


— Theoretical 
—#-— Experimental 
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2.123 Hydrostatic Force on a Submerged Rectangle 


Objective: A quarter-circle block with a vertical rectangular end is attached to a balance 
beam as shown in Fig, P2.123. Water in the tank puts a hydrostatic pressure force on the 
block which causes a clockwise moment about the pivot point. This moment is balanced by 
the counterclockwise moment produced by the weight placed at the end of the balance beam. 
The purpose of this experiment is to determine the weight, W, needed to balance the beam 
as a function of the water depth, h. 


Equipment: Balance beam with an attached quarter-circle, rectangular cross-section block; 
pivot point directly above the vertical end of the beam to support the beam; tank; weights; ruler. 


Experimental Procedure: Measure the inner radius, R,, outer radius, Rj, and width, b, 
of the block. Measure the length, L, of the moment arm between the pivot point and the 
weight. Adjust the counter weight on the beam so that the beam is level when there is no 
weight on the beam and no water in the tank. Hang a known mass, m, on the beam and ad- 


just the water level, h, in the tank so that the beam again becomes level. Repeat with differ- 
ent masses and water depths. 


Calculations: For a given water depth, h, determine the hydrostatic pressure force, 
Fp = yh,A, on the vertical end of the block. Aiso determine the point of action of this force, 
a distance yr ~ y, below the centroid of the area. Note that the equations for Fr and yr — y, 
are different when the water level is below the end of the block (kh < R, — R,) than when 
it is above the end of the block (h > R2 — R;). 

For a given water depth, determine the theoretical weight needed to balance the beam 
by summing moments about the pivot point. Note that both Fp and W produce a moment. 
However, because the curved sides of the block are circular arcs centered about the pivot 
point, the pressure forces on the curved sides of the block (which act normal to the sides) 
do not produce any moment about the pivot point. Thus the forces on the curved sides do 
not enter into the moment equation. 


Graph: Plot the experimentally determined weight, W, as ordinates and the water depth, 
h, as abscissas. 


Result: On the same graph plot the theoretical weight as a function of water depth. 


Data: To proceed, print this page for reference when you work the problem and ciick here 
to bring up an EXCEL page with the data for this problem. 


Pivot point 


Counter 


Quarter-cirele block @ FIGURE P2.123 


(Con t) 
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Solution for Problem 2.123: Hydrostatic Force on a Submerged Rectangle 


R,, in. Ry, in. L, in. b, in. g, ftis*2 sy, Ib/ft*3 
5.0 9.0 12.0 3.0 32.2 62.4 


Experimental Theoretical 

m, kg h, in. W, Ib Yr-Yes ft d, ft W, Ib 
0.00 0.00 0.00 0.750 0.000 
0.02 1.11 0.04 0.719 0.048 
0.04 1.58 0.09 0.706 0.095 
0.06 1.92 0.13 : 0.697 0.139 
2.51 0.22 0.680 0.232 

2.76 0.26 0.673 0.278 

0.14 2.99 0.31 : 0.667 0.323 
0.16 3.20 0:35 0.661 0.367 
0.18 3.41 0.40 0.655 0.413 
0.20 3.60 0.44 : 0.650 0.456 
0.22 0.48 0.644 0.504 
0.24 0.53 . 0.639 0.551 
0.26 0:57 ‘ 0.634 0.597 
0.28 0.62 0.631 0.637 
0.30 0.66 0.628 0.680 
0:35 0.77 0.621 0.794 
0.40 0.88 0.616 0.905 
0.45 E 0.99 ’ 0.612 1.016 
0.50 ; lO 0.609 AQ 
1.21 0.607 1.236 


W = 32.2 ftls*2 * (m kg * 6.825E-2 slug/kg) Sum moments about pivot to give W*L = F,*d 


Forh<R,-R,: 
Fr= y*(h/2)*h*b 
d = R; - (h/3) 


Forh>R,-R;: 
Fr=y*(h - (Ro - R1)/2)*(R2 - Ri)*b 
d= R2- (Ro- R,)/2 + (Y,- Ye) 
Yr Yo = Ixo/h,*A 
Ike = D*(Ro - R1)43/12 = 0.000771 ft*4 
he=h-(R2- R,V/2 
A= b*(R2 -Ri) 


Se ao 


Problem 2.123 
Weight, W, vs Water Depth, h 


— Theoretical 
# Experimental 
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2.124 Vertical Uplift Force on an Open-Bottom Box 
with Slanted Sides 


Objective: When a box or form as shown in Fig. P2.124 is filled with a liquid, the ver- 
tical force of the liquid on the box tends to lift it off the surface upon which it sits, thus al- 
lowing the liquid to drain from the box. The purpose of this experiment is to determine the 
minimum weight, W, needed to keep the box from lifting off the surface. 


Equipment: An open-bottom box that has vertical side walls and slanted end walls; 
weights; ruler; scale. 


Experimental Procedure: Determine the weight, W,,,, of the empty box and measure 
its length, L, width, b, wall thickness, ¢, and the angle of the ends, 6. Set the box on a smooth 
surface and place a known mass, m, on it. Slowly fill the box with water and note the depth, 
h, at which the net upward water force is equal to the total weight, W + W,,,, where W = meg. 
This condition will be obvious because the friction force between the box and the surface on 


which it sits will be zero and the box will “float” effortlessly along the surface. Repeat for 
various masses and water levels. 


Calculations: Foran arbitrary water depth, h, determine the theoretical weight, W, needed 
to maintain equilibrium with no contact force between the box and the surface below it. This 
can be done by equating the total weight, W + W,,,, to the net vertical hydrostatic pressure 
force on the box. Calculate this vertical pressure force for two different situations. (1) As- 
sume the vertical pressure force is the vertical component of the pressure forces acting on 
the slanted ends of the box. (2) Assume the vertical upward force is that from part (1) plus 
the pressure force acting under the sides and ends of the box because of the finite thickness, 
t, of the box walls. This additional pressure force is assumed to be due to an average pres- 
sure Of Day, = yh/2 acting on the “foot print” area of the box walls. 


Graph: Plot the experimentally determined total weight, W + W,,,, as ordinates and the 
water depth, h, as abscissas. 


Results: On the same graph plot two theoretical total weight verses water depth curves— 
one involving only the slanted-end pressure force, and the other including the slanted end 
and the finite-thickness wall pressure forces. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 
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Solution for Problem 2.124: Vertical Uplift Force on an Open-Bottom Box with Slanted Sides 


8, deg evaine b, in. in. y, Ib/ft*3 
45 10.3 4.0 , 62.4 


Experimental Theory 1 Theory 2 

h, in. W + Woo, Ib in. W + Woox, Ib Pavg Ib/ft®*2 W + Whyox, Ib 
2.06 0.942° 0.000 0.00 0.000 
2.23 1.052 : 0.009 0.65 0.047 
2.42 1.162 0.036 1kS0 0.111 
2.53 1.272 ; 0.081 1.95 0.194 
2.67 1.382 , 0.144 2.60 0.295 
25841 1.491 : 0.226 325) 0.414 
2.94 1.601 0.325 3.90 0.551 
3.06 lee As 0.442 4.55 0.706 
3.16 1.821 0.578 5.20 0.879 
0.731 5.85 1.070 
0.903 6.50 1.279 
1.092 TNS 1.506 
1.300 7.80 1.752 
12626 8.45 2.015 


W = g*m = 32.2 ft/s®2 * (m kg * 6.825E-2 slug/kg) 


Theory 1. Including only the slanted-end pressure force: 
W + Woox = ¥*Vol 
Vol = b*h*h 


Theory 2. Including the slanted-end pressure force and the finite-thickness wall pressure force: 
W + Woox = y*VOl + Pavg"A 
Pavg = 0.5*y*h 
A= (b + 2"t)*(L + 2*t/sin@) - b*L = 8.33 in.*2 = 0.0579 ft*2 
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Problem 2.124 
Total Weight, W + W,,,,, vs Water Depth, h 


} Experimental 


Theory 1 
(slanted ends 
only) 


—--—- Theory 2 
(slanted ends 
and bottom 
edge) 
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2.125 Air Pad Lift Force 


Objective: As shown in Fig. P2.1Z5, it is possible to lift objects by use of an air pad con- 
sisting of an inverted box that is pressurized by an air supply. If the pressure within the box 
is large enough, the box will lift slightly off the surface, air will flow under its edges, and 
there will be very little frictional force between the box and the surface. The purpose of this 
experiment is to determine the lifting force, W, as a function of pressure, p, within the box. 


Equipment: Inverted rectangular box; air supply; weights; manometer. 


Experimental Procedure: Connect the air source and the manometer to the inverted 
square box. Determine the weight, W,,,, of the square box and measure its length and width, 
L, and the wall thickness, t. Set the inverted box on a smooth surface and place a known 
mass, m, on it. Increase the air flowrate until the box lifts off the surface slightly and “floats” 
with negligible frictional force. Record the manometer reading, h, under these conditions. 
Repeat the measurements with various masses, 


Calculations: Determine the theoretical weight that can be lifted by the air pad by equat- 
ing the total weight, W + W,,,, to the net vertical pressure force on the box. Here W = mg. 
Calculate this pressure force for two different situations. (1) Assume the pressure force is 
equal to the area of the box, A = L?, times the pressure, p = y,,, within the box, where y,, 
is the specific weight of the manometer fluid. (2) Assume that the net pressure force is that 
from part (1) plus the pressure force acting under the edges of the box because of the finite 
thickness, ¢, of the box walls. This additional pressure force is assumed to be due to an av- 
erage pressure Of Pjyg = Ymh/2 acting on the “foot print” area of the box walls, 4¢(L + 2). 


Graph: Plot the experimentally determined total weight, W + W,,,, aS ordinates and the 
pressure within the box, p, as abscissas. 


Results: On the same graph, plot two theoretical total weight verses pressure curves— 
one involving only the pressure times box area pressure force, and the other including the 
pressure times box area and the finite-thickness wall pressure forces. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Air supply 
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Solution for Problem 2.125: Air Pad Lift Force 


L in. ft in. Whox: tb YH20: Ib/ft*3 
0.25 1.25 62.4 


Experiment Theory 1 Theory 2 
h, in. W + Wyox, Ib p, Ib/ft*?2 W+ Wyo,, Ib W + Who x, Ib 
0.54 1.25 2.81 110 Nel? 
0.64 1.47 3703 1.30 1.39 
0.74 1.69 3.85 1.50 1.61 
0.82 1.91 4.26 167 1.78 
0.94 2A3 4.89 1.91 2.04 
1.04 2.36 5.41 2M 2.26 
1.12 PEM 5.82 2.28 2.43 
1.23 2.79 6.40 2.50 2.67 
1.32 3.01 6.86 2.68 2.87 
1.42 B23 7.38 2.88 3.08 
1e52 3.45 7.90 3.09 3.30 
3.67 8.48 33311 3.54 
3.89 8.94 3.49 3S 
4.11 9.52 3.72 3.97 
4.33 10.19 3.98 4.26 
4:55 10:71 4.18 4.47 
4.77 14102 4.31 4.60 
4.99 11.60 
5.21 12.06 


W = g*m= 32.2 ft/s®2 * (m kg * 6.825E-2 slug/kg) 


Theory 1. Involving only the pressure times the box area: 
W + Woox = p*L*2 
P = YH20"h 


Theory 2. Involving the pressure times the box area plus the average pressure times the edge area: 
W + Whox = p*L*2 + (p/2)*((L + 2t)*2 - L*2) 
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Problem 2.125 
Total Weight, W + Wbox, vs Pressure, p 


¢ Experimental 


em= me Theory 1 (box area 
only) | 
Theory 2 (box area 
plus edge area) 


W + Wbox, Ib 


p, Ib/ft*2 


2-/31 


So- _ Dye 
~ a iy 


3.2 Air flows steadily along a streamline from point (1) to point (2) 
with negligible viscous effects. The following conditions are mea- 
sured: At point (1) z, = 2 m and p, = 0 kPa; at point (2) z, = 

m, DP, = 20 N/m’, and V, = 0. Determine the velocity at point (1). 


f Zo, +42, = fh, +doly tz, 
Thus, with f =0 and 70, 
zl +7, “fx TZ, C1) 21=2m 
or fi * 0 
Pr 


y= 
Z(h23 keyy, = = 20-9 M 4,23 22)9/ (10m-2m) 


air 


“yf . 2(20} Nm 


kg + 2(9.815) (9m) = 139 


= (Wale: Fe =e lt - 2) 


Thos, 
V, =13.7m4 


3.3 Water flows steadily through the vari- 

able area horizontal pipe shown in Fig. P3.3. The 

velocity is given by V = 10(1 + x)i ft/s, where 

x is in feet. Viscous effects are neglected. (a) De- 

termine the pressure gradient, dp/dx, (as a func- 

tion of x) needed to produce this flow. (b) If the 

pressure at section (1) is 50 psi, determine the 

-pressure at (2) by: (i) integration of the pressure 

gradient obtained in (a); (ii) application of the FIGURE P3.3 
Bernoulli equation. 


(a) -%sne-3 = eV bot O-0 and V=10(/+x) HA 
Ce = =p or af = -evit == (/0(1 #x)) (10) 
This, sp = - 1.9% SHB (10 £4)" (74x) ; with X th feet 
= - 194 (14x) de 


fs X= 3 
(6M) B = -194 (14x) sothat (da =-/94 S (14X)dk 
“4 =50ps/ X,<0 


or f= Sopsi—194(3 +£ ) I , ( Beis = 50 -/0.1 =39,9 pst 
(ét) pte +2, = fy +2 eK +02, or with 2-2, 
f= A420 VE) where. Vj = 10140) = 10 
y, = 10(143) = 40.2 
This, 


VD = 50 psi + (1.94 SBS) (10° - 407) EE £( L) = 39.9 psi 


3.4 Repeat Problem 3.3 if the pipe is vertical with the flow down. 


(a) -S sino -% = evil with @=- 90° and y=r0(14x) Hf 
p =-pVils+y op ep =-evit+y ae 
Thus, BR = ~L9¥ S904)" (14x) + 62.4 4 1, , with X in feet 


= -/94 (IX) + 62.4 2, 


(b) (2) $y = -/94 (14x) + 62.4 So that (4 = ffisycin) +62. ¢| dx 
fr" =Sopse X,=0 
or 7, = Sopst -194(3 +) ( het) + 62.4 (3) tra ( 
= S0/0.1#1,.38 = 41,2 pss 


ie) 


Gi) pt Ze +0z,= P+ tph+SA or with 2-0, 2,=-3tf 


and V,=lo(lt0) =f | Kez jo([+3) -¥¢04 


fr. = <p tee ly” Va") ~ 82, 
= Sopst to (1.9¥ SY ) (407 ~#9") -62. ¥ Hs (~3 ft) 
= 4.256 


35 An incompressible fluid with density p flows steadily . 
past the object shown in Video V3.7 and Fig. P3.S. The fluid Dividing 
velocity along the horizontal dividing streamline streamline 
(—co = x = —a) is found to be V = Vo(1 + a/x), where a is 
the radius of curvature of the front of the object and Vo is the 
upstream velocity. (a) Determine the pressure gradient along Po 
this streamline. (b) If the upstream pressure is py, integrate the 
pressure gradient to obtain the pressure p(x) for -~ S x S —a. 

(c) Show from the result of part (b) that the pressure at the stag- 
nation point (x = —a) is po + pV3/2, as expected from the 
Bemoulli equation. 


B FIGURE P3.5 


(a) Bw. - ev it where VeV, (+4) 
Thus, dv - gy Meg 


fo Ken - 

or x 
& Re 

p- fy = ea\o [- x -2 x2 

Thus 


(C) From part (b) when X=-a 


p : 2-06 [-a + ia* | = fh +o" 
Xe-a 
From the Bernoulli equation 0, + zp, = fit ze ; 
where 
VeVi = V, (1 +z) =0 
x=-Q 


Thus, £, = ~, tte as expected 
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3.6 What pressure gradient along the 
streamline, dp/ds, is required to accelerate water 
in a horizontal pipe at a rate of 30 m/s?? 


-fsing-P vit where 


dS 


af = ~ 30.0 kPa/m 


3.7 A fluid with a specific weight of 100 lb/ft? and negligible vis- 


cous effects flows in the pipe shown in Fig. P3.7. The pressures at 

points (1) and (2) are 400 Ib/ft? and 900 lb/ft’, respectively. The — 44) >>> 

velocities at points (1) and (2) are equal. Is the fluid accelerating See 1 
uphill, downhill, or not accelerating? Explain. 


MB FIGURE P37 


Tf the flow is steady (<.e., not acceler ating), then 

fi +z0V, +hZ, = fr +z0\, +0Z, 

But V =e. Thus, tor steady flow 

f, 42, = fat 02s, where if we set Z, 20, then Z, (lO) sin30’ = Sf 
For the given data, Eg, (1) becomes 

(4004p) +{]0044)(S#) = (Goo +4) 

or 

900 a = 

That is, £o. (1) (the steady flow equation) is valid, 

The flow is not accelerating. 


Note: If the flow were accelerating the pressure difference 


between pots (1) and (2) would be different than the given 
(909-400) “a = S00, 


3.8 What pressure gradient along the streamline, dp/ds, is required 
to accelerate water upward in a vertical pipe at a rate of 30 ft/s?? 
What is the answer if the flow is downward? 


op = -&sine - eve Where © =90° for up How j 
O = “40 for down flow, 
2A = 7 
Thus, for uptlw te Wises c= ants 
ag. -62.¥(1) 1b, — 194 slogs(so ff) = —120.6(22)/41 =~0.930 621 
and for down tlow ——— 


MA = -o2.4C ~ 1.94 BE (soft) = 420 


1b =, psi 


3.49 Consider a compressible fluid for which 
the pressure and density are related by p/p” = 
Cy, Where n and C, are constants. Integrate the 
equation of motion along the streamline, Eq. 3.6, 


to obtain the “Bernoulli equation” for this com- 
pressible flow as [n/(n -— l)|p/p + V2/2 + 
gz = constant. 


2 
(4 + + + g2e constant along a streamline 
an 


d. 4A 
SO that 
C, 
lk. . er I-h 
= oF (pg Mlp = GF aA” + cot 
= ‘aol a 


2 
2V°+gz =constont along a streamline 


_ 3.10 — Anincompressible fluid flows steadily past sure at the stagnation point (x = —a) is po + 
acircular cylinder as shown in Fig. P3.\0. The fluid pV 3/2, as expected from the Bernoulli equation. 
velocity along the dividing streamline (-x s 


x S ~a) is found to be V = Vo (1 — a’/x’), Dividing Lae. 

where a is the radius of the cylinder and Vo is the streamline Vi 

upstream velocity. (a) Determine the pressure Vo 

gradient along this streamline. (b) Ifthe upstream = < * 
0 


pressure is po. integrate the pressure gradient to 
obtain the pressure p(x) for -~» = x = —a. 
(c) Show from the result of part (b) that the pres- ei, 
FIGURE P3.10 
- —jJ'sne -ovil . _ oY ax 
(2) Sa J si7O — EVES but O=0 and $f = dV ax - ay 
FS Us, = At —2)\_ 2a’ 
dp _ yar . 47 11-(aS Ae Vo [-2"] ( =e)=25° 
f= -V5x =-200' LI-(z 


(b) % - (fas r p-7 
fo 


=~0o 


iH} 


x 
-2p2° Ve" ([1-Y 1-3 


-2pa7V,* f "Tx a ak 


iW 


Thos, 
2 2 
? =P,t P% e) -3(4)"] for -cos Xs-aQ 


(c) For X=-@ _ from part (b): 


J 


pl =mtev [eu-scy'] = prten 


X=-a@ 
Note: Bernoulli equation trom point tl) where Y= Ve, p,~f2 
and Z=2_ fo point 2) where y=0, 2-20 gives 
BA 
fp, +teVyrsre, = Pr +te +922 
or 
- tay a) 
Pn= ty +E 0% x,=-% 


= 


All 


3.'1 Consider a compressible liquid that has a constant bulk 
modulus. Integrate ‘‘F = ma’’ along a streamline to obtain the 


equivalent of the Bernoulli equation for this flow. Assume 
steady, inviscid flow. 


From Eo, 3.6 
dp*zpd(V*)+¥dz=0 where ¥=@9 
and §=dp=E, 42 where 


Ey = bulk modulus = constant 
(see Eg. /.13) 


Thus, along a streamline: 
Ey 4l +tpd(v2) +egd#=0 or 
E, & + d(2V*) +9d2 =0 
Pa V2. 22 
Ly? 4 
Fy ii ait )+(gdz 0 


2 


which can be integrated between 
between points (1) and (2) to give 


or 
Ey @.- G] + tLe") +9 [22-2,] -0 


Hence : 


2 
9 z- Evy Y = constant along a streamline 
| ROME SE tS AE ete Se 


3.13. Air flows along a horizontal, curved streamline with a 20 ft 
radius with a speed of 100 ft/s. Determine the pressure gradient 
normal to the streamline. 


v  _—a 
¥ a ~ A a where B 20 since the streamine is horizontal, 


TAs, 


if. _ eV”. -lo00n30 $98) (100 #)? 
' Rr 204 


. ly Ib Ib 
ies ar, (|(ag-ft) = 1/7 13 
st ——_ 


>. 


n 


ay 


[3.74 


g 
3.1% Water flows around the vertical two-di- Ps | 


mensional bend with circular streamlines and 
constant velocity as shown in Fig. P3.14. If the 
pressure is 40 kPa at point (1), determine the 
pressures at points (2) and (3). Assume that the 


velocity profile is uniform as indicated. fe 


FIGURE P3.14 
2 ( 
Be - of = er with dz | and V= lom/s 
Thus, with R= é-n 


2 
Gp = -y- 2 or 


n n 4] 2 
(far = -(rdn - ( 2 
N=o n=o n=0 


so that since § and V are constants 
p-fy = tn ~ eV? |e 
n=0 
Thus, , 
p= fy, -¥n - eV" In(e) 
With fr, = #0kPa and Ny =/m* fp, = 40K 9.810 Le (/m) 
- 799 2% (j0R)" In (-E-) 


or 
f= 12.0 kPa 


and 
with f= 40 kf, and fl, =2m fy = 40 KPa - 9, BONO igs (2) 
ke pp? Ip (& 
- 999 (108) In (¢) 
or 


fa = 229-! k Pa 


4 ; 
3.15 Water flows around a vertical two-di- 


mensional bend with circular streamlines as is 
shown in Fig. P3.15 The pressure at point (1) is 
measured to be p, = 25 psi and the velocity across 
section a~a is as indicated in the table. Calculate 
and plot the pressure across section a—a of the 
channel [p = p(z) for0 =z <2 ft]. 


FIGURE P3.!5 


“Van th = QR, with Sel, R=22-n, and VeVin) as given 
in the lable with Z=N. 


(dp =- (Sdn = (oe dn 


(22-n) 
or 
Pi-# =-$ (2-n) - a dn 
Hence with ¥= fam he fe, ,e= =/,g4 519s. and 0, = =ast, 5 ng 


ff? 
= 360 oo /b B, a gives 
p= 3600 +62.4(2-n) +1,94 aia dn , where PR, n~-ft 


For O€n*2 yse the data in the table (V=Vn), where n=2) 
and integrate numerically to determine p<pth). 


z(ft) iV (ft/s) 
0 0 
0.2 8.0 
0.4 14.3 
0.6 20.0 
0.8 19.5 
1.0 15.6 
1.2 8.3 
1.4 6.2 
1.6 S07 
1.8 2.0 
2.0 0) 


(con't) 


value of integral _p, !b/ft*2 
13.398 3751 
13.04 3738 
11.8 3723 
8.98 3705 
532 3685 
2.37 3667 
3652 
3638 
3625 
3613 
3600 
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3.16 | Water in acontainer and air in a tornado flow in hor- 


izontal circular streamlines of radius r and speed Vas shown 
in Video V3.6 and Fig. P3.16 Determine the radial pressure 
gradient, dp/dr, needed for the following situations: (a) The 
fluid is water with r = 3 in. and V = 0.8 ft/s. (b) The fluid 
is air with r = 300 ft and V = 200 mph. 


mw FIGURE P3.16 


For curved streamlines, 


- ca = = Van , or with G2 29 (horizontal streamlines) R=r 


4 


and g == f this becomes 
x = or 
ois th r= a ft and V=0.82 and water (p =194 e), 


sig it)? y slug x97 Lb 
SHB (0,8 = be aCe 
ap = (2 ft) 17 Hs ills: 


12 


i 
(b) WHA r=300ff and V= 2.00 raph (— ae om )= 293 1 


and air ( p= 0.00238 4), 


ae 0.00238 sue? (293) = 0.68! ss, = 0. GR Jb 


300 ft en 5 


3.17 Air flows smoothly over the hood of your car and up 
past the windshield However, a bug in the air does not follow 
the same path; it becomes splattered against the windshield. 
Explain why this is so. 


air particle 


An air particle flowing along 
streamline (1)-(2) is immersed in 
a pressure field produced by all 
of the surrounding air particles. 
Gravily and pressure effects precisely 
balance centritugal acceleration effects. 


Thot is, 


Z hee - sf = ev , where Land — are the specific weight and 
density of the air 


R 


air particle follows 
streamline past windshield 


A bug is more dense than air , Pow 7 0; but it “feels” the same 
pressure field, which is not sufticient to make it torn as sharply as the 
air does. Hence, Ky, > % and the by hits the windshield 


4 


3.19 Ata given point on a horizontal streamline in flowing air, the 
Static pressure is —2.0 psi (i.e., a vacuum) and the velocity is 150 ft/s. 
Determine the pressure at a stagnation point on that streamline. 


fit Zev, +02 = fatzpre UZ, 


where 2,7Z, and V2 =0 
Thus, 
paz pr tte (20 aia +4 (0.00238 SH) (1.50)? 


-298 + 24,8 si slu9-ff (Si) 


-24! + = -/, 61 psi 


alt 


3.21 When an airplane is flying 200 mph at 
5000-ft altitude in a standard atmosphere, the air 
velocity at acertain point on the wing is 273 mph 


eV* +z =constant 


(a) Pra 


Thus, with Z,*2, 22, 


pitzeh* 


=f3 +7 OW, 
p, = ~ely~e'] where V,= zoomph (S65 


relative to the airplane. What suction pressure is 
developed on the wing at that point? What is the 
pressure at the leading edge (a stagnation point) 
of the wing? 


P= 
Lut p,=0 so that 


ee ft 


~Somph 
y= 272 mph (3 a 


PzFtl2: osx" SWS) 293° ~ ¥00 “| fr" 


lb 


= — 76.0 4, 


(gage) 


-3 slugs: 2. 
= ¢ (2.08 x/0 S78) (293-2) = 89.0 2; i (gage) 


3.22 Some animals have learned to take ad- 
vantage of the Bernoulli effect without having 
read a fluid mechanics book. For example, a typ- 
ical prairie dog burrow contains two entrances— 
a flat front door, and a mounded back door as 
shown in Fig. P3.22%.When the wind blows with 
velocity V, across the front door, the average 
velocity across the back door is greater than V, 
because of the mound. Assume the air velocity 
across the back door is 1.07V,. For a wind velocity FIGURE P3.22 
of 6 m/s. what pressure differences, Pp; — py, is 
generated to provide a fresh air flow within the 
burrow? 


2 
v} +z ey + o2, = 2, +h 0% +02, 


Thus, with negligible gravitational effects (40. 2,%22) 
fi fz = ee =V") 
x (1.24 8;) ((1.97 (6 BY - (6 £)*) 


or 
Ppt, = et ta 


3.28 


3.23 A loon is a diving bird equally at home 
“flying” in the air or water. What swimming ve- 
locity under water will produce a dynamic pres- 
sure equal to that when it flies in the air at 
40 mph? 


ys 
at are = _ |_ Gir 
2 Cain Msi ~ 2 0 Vio oT Ys =| Yan 


Cy.0 
Thus fl _9 Slugs 


Vso “| itpcaiga— |(tomh) = Zx0meh 


ff? 
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3.24% A person thrusts his hand into the water 
while traveling 3 m/s in a motor boat. What is 
the maximum pressure on his hand? 


(24) 
y=a35 
H=° Yy,=0 


k 2 
eV," or Pa=% (999 4) (32 = 45004, =450 kf 


m? 


3.25 A Pitot-static tube is used to measure 
the velocity of hclium in # pipe. The temperature 
and pressure are 40 °F and 25 psia. A water ma- 
nometer connected to the Pitot-static tube indi- 


cates a reading of 2.3 in. Determine the helium 
velocity. Is it reasonable to consider the flow as a 
= 


incompressible? Explain. 


ot is = f2 My, —, . 


at 2 =22, — Y= 


Thus, 
y, = 3h “Ai _ | 2(f2-f) 


where th it 

ee ee ak (144 a9) = 90x10" 

CRT (1. 242x/0% 48 ) (4604 40) °R tt 
S/u9s'R 


slvgs 


>> by 


and since & , 


420 
br-0, = Yh = 62.4 Bs (22 3) =//.96 =a 


2) = 263 £ 


Note: m= where c=YVkRT 


Thos, \% 
c= Ee 66 (/. 2vanse#) ro ag a. (460 + #0) °*| = 22/0 ff 


or 
203 Ht 
fie Saft = 0-063 <<9.3 Thus the tlw can be 
i considered incompress thle. 
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3-26 An inviscid fluid flows steadily along the stagnation 
streamline shown in Fig. P3.26and Video V3.7 starting with 
speed V, far upstream of the object. Upon leaving the stagna- 
tion point, point (1), the fluid speed along the surface of the ob- 
ject is assumed to be given by V = 2 Vosin 6, where 6 is the 
angle indicated. At what angular position, 62, should a hole be 
drilled to give a pressure difference of p, — p, = pV3/2? Grav- 
ity is negligible. 


m@ FIGURE P3.26 


fot ipl =p, +40l* =p +2plh 


where V, =0 


2 


Ths, 


fi f2= soil =") 
so that if 
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3.27 A water-filled manometer is connected to a Pitot-static 
tube to measure a nominal airspeed of SO ft/s. It is assumed that 
a change in the manometer reading of 0.002 in. can be detected. 
What is the minimum deviation from the 50 ft/s airspeed that + 


can be detected by this system? Repeat the problem if the nom- 
inal airspeed is 5 tus. h 
(2) 1 7 

2 2 
2,=22, and P2 = Go 


arn We evi" - (0.002385! s yy? ££) (1242) 
; 4 


Thus, 
vy 


Haoh 
29 oe oa dy,0 za (62.4 2 


Hence, }=2.29x10"V", where Vi~ tie and h~in. 
For V, = soit this 91Ves 

h= 2.29x10 (50) = 0.573 in. 

while for V,= 5% it gives 

h =2.29x10*(5)* = 0.00573 jn. 

With h+0.002in. from these nominal valves we obtain 


h, in. V,, Fi/s 
0,5 7/ 
0,873 
0.575 


0.00373 4, OF 
0.00573 5.00 
0.00773 5.31 


Thus, with 4 =S0t the minimum air speed deviation that can 
be detected js 10.1 f14 - for Y=sStHA if is +0.8/ HL. 


J 


3-24 


3.28 (See Fluids in the News article titled ‘Incorrect raindrop 
shape,” Section 3.2.) The speed, V, at which a raindrop falls is a 
function of its diameter, D, as shown in Fig. P3.28. For what sized 
raindrop will the stagnation pressure be equal to half the internal 
pressure caused by surface tension. Recall from Section 1.9 that the 


pressure inside a drop is Ap = 4a/D greater than the surrounding 
pressure, where o is the surface tension. 


0 0.05 0.1 
Dyin: 


: ; : HFIGURE P3.28 
Determine diameter D for which 


TeV*=2[40/D] , o 
+(0.002395442) V*= $[ Hs. 03x10 a) /D | 
. iis B45)" where D~ft and V~ ft& 


~D =/01/V" , where D~in. and V~ ft/s qi) 
Thus, there are Zumknowns, Dand V, and 2 equations, Eg.) and Fig. P3.28, 


The solvtion 1s given by the intersection of these two D-Varaphs 4s 
shown below. 


Thos, D= OJ/¢in, = 2.6mm 
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3.29 (See Fluids in the News article titled ‘Pressurized eyes,” 
Section 3.5.) Determine the air velocity needed to produce a stag- 
nation pressure equal to 10 mm of mercury. 


tpV*= Petag = 10mm of mercury = dy, h , where t, 2 133x jo, 
Ths 


af 2 | 
z (1.23 §,) V" = jomm (Gsesew)( 133 xj0°M) 
or 


V= 6,5 m/s 
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3.30 (See Fluids in the News article titled “Bugged and plugged 
Pitot tubes,” Section 3.5.) A airplane’s Pitot tube used to indicated 
airspeed is partially plugged by an insect nest so that it measures 
60% of the stagnation pressure rather than the actual stagnation 
pressure. If the airspeed indicator indicates that the plane is flying 
150 mph, what is the actual airspeed? 


When unplugged the air speed indicator would register a pressure 
difference of 

Ap=toV'= ze (/s0mph)’ 

at /£0 mph. 


However, when plvaged and the reading mdicates /Somph, the actyal 
speed would be 


An = x¢ USOmphJ = 0, so|t0 v*| 


or 
V= 194 mph 
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3.32 Water flows through a hole in the bottom of a large, open tank 
with a speed of 8 m/s. Determine the depth of water in the tank. Vis- 
cous effects are negligible. 


z 2 
ftzph +z, = ptzph +i'% 
Thus, with fr “ff, 7 Zn 2 V, 20 


eZ, =20Vp , where 6-02 and Zz =h 
S0 that Z 
egeeen 
or 


% _ (@&y 
Sg ee ees Ss mi 


bs ea) 


Bad | 


3.33 Water flows from the faucet on the first floor of the 
building shown in Fig. P3.42 with a maximum velocity of 20 
ft/s. For steady inviscid flow, detennine the maximum water 
velocity from the basement faucet and from the faucet on the 
second floor (assume each floor is 12 ft tall). (3) 


(1) Fa 
V = 20 ft/s Fy 


m FIGURE P3.33 


ty + 7 seer = constant 


“e 
V2 ha 7 a 
Thus, Lh tag tz Pee te +22 with fl, =f, <0 (tree jet) 
or 


2 : and yo 20tYs | 2,-¥ff 


ae tee (80 Z, =~ Off 
2. (32.218) : 2 (32.24) tee ° 


and fry lo 4z = fey l Ke +Z, wih £,=p,=0 (free jet) 
79 and Yogo ft 2 =4 tt 
gee ae + Fe 


or 
(20 ft)? : ie Zz; =/6 tf 
sae + $f U7 oes s + /6 #4 


or ; 
/ = 20 2 _ 2(32.2)(12) = V _ 373 Impossible! Wo flow 
1s from second ffoor faucat. 
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43.35 An inviscid liquid drains from a large 
tank through a square duct of width 6 as shown 
in Fig. P3.35. The velocity of the ftuid at the outict 
is not precisely uniform because of the difference 
in elevation across the outlet. If 6 < h, this dif- 
ference in velocity is negligible. For given b and 
h, determine v as a function of x and integrate 
the results to determine the average velocity, 
V = Q/b*. Plot the velocity distribution, v = 
u(x), across the outlet ifh = 1 andb = 0.1, 0.2, 
0.4, 0.6, 0.8, and 1.0 m. How smal! must 56 be FIGURE P3.35 
if the centerline velocity, v at x = 6/2, is to be 
within 3% of the average velocity? 


\y* 2 
ete, = Opt tz, P where Pi=f2=09, y=0, Yy=w 
Z,=9, and Z,=-ht+#-x 


= +bh t2-x) or ar=72g(xth-$) D 


Also, x=b b xeb 
Q = Sad = (ab dx = {23 b(x th -$) dx =blag 2) iy +p-$)% 

See x=0 4 wi 
Q= 2129 (he B)*—(h-2)* | 

Hence, with Q=AV= b7V this gives 

V= Veg |(he8y*-(h-2) | m 


Plot ar =ar(x) from Eg.) from X=0 to X=b with h=/m and 
b=0.1, 0.2 0.4,0.6,0.8, and 1.0m, See the graph at the end 
of this problem solvtion. 


Let \= centerline velocity = i be 


V. = Vagh (2) 
Note that in the Iimiting case of = =h the average 

velocity (see £¢.(2)) is - 

VI = d55 ¥2g"[ (2m) *] = 4 vagh = 0.043 102gh 

b=h =O9¥3 A 


where from £9. (I): 
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that (ht pY* = h% (I+ 2%)* = h*(14 2 (di) and 
(h- $Y = h¥e(-By* = He(1-3(4)+-) 
Hence, £g. (2) in the limit 7 —-0 gives 


V) = sb tag [1+ 208-148 G)]] = se Pa) 
bo 


We are to determine the 
value of b that gives 
V.- V = 0.03V, or 


That is, trom Eas. (and (3): 
bah =/,03 (si) Vag [(h 1BI*-(p-BY*] , or with Wz # 
3h = 1.03) (47) * -(1-ny* J 


Hence, find the root of the function Fin) = L03[(i4n)# (ten)? ]-3) 
é.e., 9 such that F(%)<=0. By ysing @ standard root- Finding 
compuier program we obigin 


y =0.779 

. 5 
Thus, 2) =0.779 = 3p 
or 
b= 2(0.779)h = 1.56 h 


For b<156h it follows that the centerline velocity is within 
3% of the average velocity, 
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3.36 Several holes are punched into a tin can 
as shown in Fig. P3.36. Which of the figures rep- 
resents the variation of the water velocity as it 
leaves the holes? Justify your choice. 


FIGURE P3.36 


ra +Lrz = constant so that with V, =O p20 and 2,=h, 
at the free surtace, then 


HE + oa +2, = we i #Z2 or with f= (free jet) and 22=h, 


or 


hy pe th op EEO Ne eg te @ Reg 


Ve 


Fig.(a@) ts correct distribvtion 


a7 


3.37 Water flows froma garden hose nozzle with a velocity 
of 15 m/s. What is the maximum height that it can reach above 
the nozzle? 


ia (1) Z,=0 


3.38 Water flows from a pressurized tank, through a 6-in.-diameter 
pipe, exits from a 2-in.-diameter nozzle, and rises 20 ft above the 
nozzle as shown in Fig. P3.38. Determine the pressure in the tank if 
the flow is steady, frictionless, and incompressible. 


Vy Ve wenn: CY. 
Bt ag +21 = Ets ap 2 HFIGURE P3.38 
where <0) ee 2, =2f, Z, =22Ft and fp <0) 

Ths, 


fi = Z2.- Z 


f- SS (F2-2,) =62. 4H) (22.44 - 2 Ft) = /246 &. i 
Note: The diameter of the pipe or nozzle ane rot needed. 
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3.39 Aninviscid, incompressible liquid flows steadily from 
the large pressurized tank shown in Fig. P.3.39. The velocity at 
the exit is 40 ft/s. Determine the specific gravity of the liquid 
in the tank. 


pi = 0 Bed in ) = 14404 fi. ®, 


ee} Z,< 0) y, £0 ana y= Hott 
This, 


ae 
/4H0 lb/ft” _ 4H /sy 
FF tT Ho ea HD 
or 
Y= /4¥6.3 rE 
Hence, 


So 46 bse | 
oi dy.0 $2.48 * See 


is 
aS 


m@ FIGURE P3.3q 


3.40 Water flows from the tank shown in Fig. P3.40.1f viscous 
effects are negligible determine the value of h in terms ot H and 
the specific gravity, SG, of the manometer fluid. 


2 
Cit og, «St ot oy 
i ee and 2,-227H 
Thus, 


fe =H 


But, p= prt ll = pp =p to(H+l-h) +86hh 
or 
fr, = 8(H-h +S6h) 
Combine Eqns. (1) and (2) to give? 
H =(H +(s¢-h) 
or 


(SG-I)h =O 
Thus, if SE#l, then h =O for any SG 


Je} 


3.41 (See Fluids in the News article titled “Armed with a water 
jet for hunting,” Section 3.4.) Determine the pressure needed in (2) 
the gills of an archerfish if it can shoot a jet of water 1 m vertically ° 

upward. Assume Steady, inviscid flow. 


~— 


= ee ae 


mouth 

From the Bernoull; equation, “| 7 
ae eae . _ 

feria Boles, ; 


Assume V,%9 (large gills ) LZ<Im (small fish), £270 (free jet } 
and Y2=0 (top of vertical water jetJ. 


This, 
# = 2-2, or p= Ulte%) = 9.80x)0M (1m) = 9,00x)0 24 = 9.00 kl 


guat 


3.43 Air flows steadily through a horizontal 4-in.-diameter pipe and 
exits into the atmosphere through a 3-in.-diameter nozzle. The veloc- 
ity at the nozzle exit is 150 ft/s. Determine the pressure in the pipe if 
viscous effects are negligible. 


Vz =/Sot, 


From Sernovilis equation, tin, 


Atzey +0Z, =p, tdp edz, 

Thus, with z, =22 » p22", Wha Y= ssot 
f= zelV, - -V,*) 

But A =AzVe, or V, eae oon, (22) =( 310) (isoff) = gey Bt 
Thus, 


ls 
fi, = 2. (0,00238 58) | (1s0lt) -(epy ft)*) = 12.35% (died) 
or 


fh eens. 0.127 psi 
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3.44 A fire hose nozzle has a diameter of 14 
in. According to some fire codes, the nozzle must 
be capable of delivering at least 250 gal/min. If 
the nozzle is attached to a 3-in.-diameter hose, 
what pressure must be maintained just upstream 
of the nozzle to deliver this flowrate? 


D =3in. 
vg , D, = 14/25 mn. 


2 
Aide” hls eae aa Milage | pal 
with 2,=2, , f2,=0 
3 . 

in | H* / Min _ ft" 
and @ =(250 2h (231 ft) (Le 1728 in” 3) srigt i ie 
Thus, ia ev 

rie! Eat 

- ag [MV] where k= 7, * = 80.72 


F(R Ee 


ant Q 0.557 fe 
= : Kl = tf? 
=A, . rae fi* - 34S 

+ sz) 


SO that wit oP 
4 (1.94 S2)] 80-77 ~ 11.347 ci 


N 


6190 2, = 43.0 psi 


345 


3.4S Water flowing from the 0.75-in.-diameter outlet 
shown in Video V8,/4and Fig. P3.45 rises 2.8 inches above 
the outlet. Determine the flowrate. 


m FIGURE P3.45 


The flowrate is Q=A,V,, where from 
the Bernoulli equation 


2 
$+ ial = tg ea, 


Thus, with’ fi = fa * 2 = V=0 we obtain 


V, = 1292, = 2 (32.2 fie?) (2.8/i2)ft = 3.88 ft 
so that 


Q= AV, - ECA) (3.88 i) = O09 > 
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3.46 Pop (with the same properties as water) flows from a 
4-in, diameter pop container that contains three holes as shown in 
Fig. P3446 (see Video 3.9). The diameter of each fluid stream is 


0.15 in., and the distance between holes is 2 in. If viscous effects m t fa oe 
are negligible and quasi-steady conditions are assumed, determine a 

the time at which the pop stops draining from the top hole. 

Assume the pop surface is 2 in. above the top hole when r = 0. h, 


Compare your results with the time you measure from the video. 


Q=Q,+ Q2+Q, = A, A mw FIGURE P3.46 

where Q- = V-A. = fish, A, and 4,=A, A, = eee fy” 
(¢-/,2,) = /,227x 10H? 

Thos A= Fa s)*- 0.0879 fl? 

V29 Ah +h *Vh; | =-A, a where h,=h,h,=h+L, h=h+2L 

Hence, 4 and L=2in. 


Tee, en Lr ee Arey 
‘ If “ (Uh +Vh+2 +Vhv22) Seeley Ie Saente 


to reach the Ypper hole 
or a (hz 0), 
is dh 
Alea ree | (h tVheL +Vhe2L) 
0.08 73 ft* : dh 
© (1227110 FH 2) 32.2 WF a Tm +Vh+L +22) 
This L 


88.7 | _._______ Fe f= 01687 
- ” a irl pany “ere Fe OEE 
Note: With L inteet, this equation gives t in seconds. 


(con't) 


Ba | 


The numerical value of the integral is obtained by vsing the 


trapezoidal rule since the closed form analytical solution 
js not given in integral fables. The EXCEL spread sheet ysed 


for this is given below. 


h ] 
fe 8.7 { fth)dh where thl= 7 = ipa) 


Oo 


= 88.7[4 20 (Fas high) 


gel 


h, in. h, ft 
0.0 0.0000 
0.1 0.0083 
0.2 0.0167 
0.3 0.0250 
0.4 0.0333 
0.5 0.0417 
0.6 0.0500 
0.7 0.0583 
0.8 0.0667 
0.9 0.0750 
1.0 0.0833 
el 0.0917 
12. 0.1000 
1.3 0.1083 
1.4 0.1167 
1.5 0.1250 
1.6 0.1333 
1h 0.1417 
1.8 0.1500 
1.9 0.1583 
2.0 0.1667 


f(h), 1? 


1.015 
0.914 


Sum of column = integral = 


Thus, t = 88.7*0.12011 = 10.7s 


S382 


-(88.7 ra) lo.v20V8 |= 10.78 


(1/2)*(f, ae fina) * (hia rs hi), ft' e 


0.00804 
0.00743 
0.00711 
0.00686 
0.00665 
0.00646 
0.00629 
0.00614 
0.00600 
0.00587 
0.00575 
0.00564 
0.00554 
0.00544 
0.00535 
0.00526 
0.00518 
0.00510 
0.00503 
0.00496 


0.12011 
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3.47 Water (assumed inviscid and incompressible) flows steadily 
in the vertical variable-area pipe shown in Fig. P3.47. Determine 
the flowrate if the pressure in each of the gages reads 50 kPa.. 


From the Bernoulli equation 


fy tel +62, = 9, +20? sez, 
where 2, <p 250 kPa 
Thus, 
5 e(V," -V,’) = I (2,-22) 
oh AM #Az\h , or 


=@ ED» 
A, "2 cones ) Ve = = (= 2)" Vy, - (lay 
nih ie (/) losin 


ze) \ -7M"] = eg (z,- 2) 

Or 

{8 - 2@(z,- 22) =2(48I-)(10m) 
or 

Vy =/4,52 
Thus, 3 
0 =ALV= Flim) (45%) 2 42 


MFiGURE P3.47 


i <<... ° °° ° °° -  =<_-. =") 


3.48 Airis drawn into a wind tunnel used for testing auto- 
mobiles as shown in Fig. P3.48. (a) Determine the manometer 
reading, h, when the velocity in the test section is 60 mph. Note 
that there is a 1-in. column of oil on the water in the manome- 
ter. (b) Determine the difference between the stagnation pres- 
sure on the front of the automobile and the pressure in the test 


section. 
a Wind tunnel 


(1) 


BG FIGURE eane 
2 
(a) Fitz) +36 = # +z, 


Z-Z, , f,-0, and V=0 
Thus, with Ve =b0mph= bet 


Ge-~ fb or 


fo=-Z Sa * 2-4 (0.00238 SH) (96 B)*2 -9.22 
But P27 bo ~ 8 (ra) =O where dry = 0.9 i, 9° 0.9(624 Hs) 


Thus = 56,2 2 oe 

“9.22.55 B +624 15 (h H) - 56.222 (7H) <0, or h=0.22.3 4 
(bh) —f242B es 5 +7, 7 

r ta a 

where 

427-2; and Vz =0 

TWs, fe 

£2 a = {3 or 


3.49 Small-diameter, high-pressure liquid jets can be used 
to cut various materials as shown in Fig. P3.49. If viscous ef- 
fects are negligible, estimate the pressure needed to produce a 
0.10-mm-diameter water jet with a speed of 700 m/s. Deter- 
mine the flowrate. 


m FIGURE P3.49 


+ 2, mee YyxO, 2,222, and ,-0 


=e “= (999%,)(700%)* = 2.¥5x 10° AS - 


wy, -# \2 ~6 yp3 
= 7002 4 (10 m)- | = $.50X%/0 = 
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3.50 Water (assumed inviscid and incompressible) flows 
steadily with a speed of 10 ft/s from the large tank shown in Fig. 
P3.50, Determine the depth, H, of the layer of light liquid 
(specific weight = 50 Ib/ft?) that covers the water in the tank. 


@FIGURE P3.S0 


From the Bernoulli equation, 
Va 


2 
+Z)2- ‘og + Z, 


EGH, Y=, pe0, 2,= 44, and z, 75H 
a *2Z, so that with y= lots, 


50 lb/ #3 (10 ft/s )7 
aa) +4 = Di3z.2t/s) * Sft 
There fore, 

H = 3./9 ff 


3.5! Water flows through the pipe contrac- 
tion shown in Fig. P3.5!. For the given 0.2-m 
difference in manometer level, determine the flow- 
rate as a function of the diameter of the small 


FIGURE P3.5] 


or with 2, = 22 ana y=0 


sae = th and fa=%h2 so that p-f2=%lh-he)= 0.28 


d 
= 2g 238 =//2¢ (0.2) 


2 
Q =fiVe * #0’, = fo* V2 G.81)(0.2) =156 D* 2 when D~m 


S52 


3.52 Water flows through the pipe contrac- 
tion shown in Fig. P3.52. For the given 0.2-m 
difference in the manometer level, determine the 
flowrate as a function of the diameter of the small 


pipe, D. | 
FIGURE P3.52 
bed y ge, = He le oz, th AN, =AaV, 
y¥ 2 / y 29 2 Wi WV) = 12 V2. 
f Got). . por? 
Thus, with 2,=2, uF a 75 ay V, = (24) y 
? : o0./ ¥y 2 ZF d,*) 
p-fz _ Vei-vi _ LG) - ily 
wt “Bg 2g 
but 
B= oh, and f~r= hz, so that A) ~f2 = e(h,-ha) =028 
Thos, P . 
y, 
oor _ 1(%)"- 1 VF or Y= ae 
e 2g L(S)"- 
and 
Q=A V = Z (0193/22 (2 (2.8/)) 
eS ee 
or 
oF 


2 
tt. when D~m 
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3.83 Water flows through the pipe contraction shown in 
Fig. P3.53.For the given 0.2-m difference in the manometer 
level, determine the flowrate as a function-of the diameter of 
the small pipe, D. 


BFIGURE P3.53 


is Weg a Fee 
Gf tae te, Arig +h 


Where Z,=Z, and \2~0. 


Thus, 
V,> Pi 

Ay ta be 

But 

Ar=X and b= 0.2m+x se that 
V2 


—- = 
> "Za O.2mtX or 


! 
V, = 29 (0.2m) = (2.12812: )(0.2m))* = 1.98 2 
Thos, 
Q = A.V, =F olm) (1.982) = 0.0156 mn for any 6) 
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3.54% A 0.15-m-diameter pipe discharges into a 0.10-m-di- 
ameter pipe. Determine the velocity head in each pipe if they 
are carrying 0.12 m?/s of kerosene. 


3 
ee ae 6 
2 (015m) 


bal? = 


m3 
. One a 


A, E (0.10m)* 
Thus, 

V2 _ 6.79 2)" 
2g =. (9.8) 4) 
and 


4 M2 
ye. [e272 = %ZINIM 
490 20814) == 


A = 15.272 


= 2.3S”™. 
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3.55 Carbon tetrachloride flows in a pipe of 
variable diameter with negligible viscous effects. 
At point A in the pipe the pressure and velocity 
are 20 psi and 30 ft/s, respectively. At location 
B the pressure and velocity are 23 psi and 14 
ft/s. Which point is at the higher elevation and 
by how much? 


z 2 
fa. Masg, <BiBre, — with 8-995 fe 


se 
= = fa-la , Wi-Ve _ (20-23) (44H) 
re " *4 99,5 16 
or 


Zy-m = 6.594, Bis abe A 
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2. 4 


2 (32.2 ff) 


2.456 


3.56 Thecircular stream of water from a faucet is observed 
to taper from a diameter of 20 mm to 10 mm in a distance of 
50 cm. Determine the flowrate. 


V, . 
ff keg +Z, = ie +e + Z, 0.50m 
where p,=f,=0, 22-0, Z,=0.50m 
and (2) D,=0.0/0m 
Vass ya 4. : 
:” Fe, % Fe Be Q 
Thus, 


@\, 592 -(-4) «| cee Ae Vig 
(RY +senc(h@ @-lraee as] = eas 
or Since 

a = (Ry we obtain 


L 
_ 292, zr a} 2(9.6/%5)(0.50m)| ~ 


0.020 
3 


=2,54x/o°2 


3.57 Water is siphoned from the tank shown in Fig. P3.57 The 
water barometer indicates a reading of 30.2 ft. Determine the 
maximum value of 4 allowed without cavitation occuring. Note 
that the pressure of the vapor in the closed end of the barometer 
equals the vapor pressure. 


5-in, diameter 


BFIGURE P3.57 


A. +H +z, «tb +z, where fv ~9,; Ye, 2 “Pvapor 
Thus, Bia» Aww Te 
0 — Proper , Ve 4 6 fH 

ae 29 


but ptso2t Y=", or since fh Pysper, Poapor = -30.2 ff 


Hence, 

2 2 
0 = +302 fi 4 # +64{ or i = 24%2f/ op Vy =[2 G22 oy2H] 
Thos, 


Y= ET aaa 


A Dz 3 in. \* 
Since V,A3 =VzA2 , == “Bh GE) oD) 
or 
V/42 8 
However, 
Aer fe +z, = Braz, or ¥, = /2gh 
Thus, 


i420 . y2 (32.28 htt op f= 3.13 ff 
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©3.58 As shown in Fig. P3.58, water from a large reservoir flows 
without viscous effects through a siphon of diameter D and into a 
tank. It exits from a hole in the bottom of the tank as a stream of di- 
ameter d. The surface of the reservoir remains H above the bottom 
of the tank. For steady-state conditions, the water depth in the tank, 


h, is constant. Plot a graph of the depth ratio h/H as a function of the 
diameter ratio d/D. 


(1) 


(3) 


HFIGURE P3.58 


From the Bernwill; equation, 


I y e = Ve 
fh + 29 +Z Es 35 + 22 
where fy =\=0,2%,<H, and at the “free jet"end of the siphon, 


f. = Sth-*). 
Thus, Eq. () becomes 
He (h- 22) +35 +2, = hte 


or 
Ve. =o 29(H-h) 
Also, 


The, , 
h = 18 or 


4 = Pgh 
Also for constant havid levels mn the tanks, Q, =Q); 
or 
A.V, =A3 V3 
0 that 
ED Vi = zd" V, 
From Eqs. (1), (2), and (3): 
b 29(H~h) =d* 29h or H-h -(4)'h 


Thus, 
+ = aa This result is ploHed on the next page. 


(con't) 
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3.59 A smooth plastic, 10-m-long garden hose with an in- 
side diameter of 20 mm is used to drain a wading pool as is 
shown in Fig. P3.59. If viscous effects are neglected, what is 
the flowrate from the pool? 


FIGURE P3.54 


2 2 
J+ sz, = By 2 +Z>, where Gi? fa? Z,= 02M 


ff 2g 2g 
2, = -0.23% and =O 
Thus, f ‘ieee 
Ue, 
ye = 29(2, -2Z,) = (2(281 24 )(0.2.m —(-0.23m))) 
=2.902 


(Oh i 
aby 3 
Q=AL4 = + (o.020m)° (2.902) = G.I x/o "EE 
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3.60 Water exits a pipe as a free jet and flows to a height h above 
the exit plane as shown in Fig. P3.60. The flow is steady, incom- 
pressible, and frictionless. (a) Determine the height h. (b) Deter- 
mine the velocity and pressure at section (1). 


BFEFEIGURE P3.60 
(a) From the Bernoylli egn., 


fa +4 Bett. = fe Me g +25, where f= fa =, ana V, = 


oe fhe) _ 
og “ 2ianatik) ~2 = 
(b) Also A, V, =A, V4. 


"y= Hey, « aa (16) = 36.08 


From the erent equation 
Bis Me 7 Z = Bes Me ‘Ee. 


or Rie Se = 04, 


B= f2+ z ze Vs *-,7) Aicias Where {r= 


dh 
fy =$ (1.94 SB (Ub BY (26.0 8b)" ] 462.498 (BF) 


= -1 009 (Met) jy + v.99 B 


= — Fi 
On 
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3.61 Water flows steadily from a large, closed tank as shown in 4 (Hy # =. 

Fig. P3.61. The deflection in the mercury manometer is]in.and |... “~~ | 1 ftdiameter 
viscous effects are negligible. (a) Determine the volume flowrate. 8 ft. . 
(b) Determine the air pressure in the space above the surface of the 


water in the tank. - 


3 in. diameter 


Mercury 
& FIGURE P3.61 


(a) From a Bernoull; apr 
(1) fit +— 24 tz, fe el + Zo ) Where Y= and Zz. #22 


Ay, for the poesia 
fot hh <p deo (blind + dy, (lin. 


or 
fa fr = Gig Fino) (in) = 8, 4 SG yq-1) lin.) 


(62.4 2 ‘ n(aA) $5.33 
Thus, trom Eq (1), 


* em o 652 Ib/#4" 

ag 707777 ee 
SO that 

y = (2)(32.24) (/.0#6 #1) =8.u i 
Hence, 


Q=AV, =F (e218) 264s 2 ft 


(b) From the Bernoulli equation 


2 Q 
(2) te th ty of ee mt ey where y= 9 fh =2, and V3 = As 
Thus 3 
ye SHS cif 
Z 
Z (24) 


Hence, from ) E92 
fray 2 ¥ zg +23, OF (=z Loy +9 (2;- Zy) 
Hence. 


dt sly ft) 7 ee Ib . 
fe =z 94 “(131 ff) 162.402 ( BH) = 16/50 2 112 psi 
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3.62 Blood(SG = 1) flows with a velocity of 0.5 m/sin an artery. 
It then enters an aneurysm in the artery (i.e., an area of weakened 
and stretched artery walls that cause a ballooning of the vessel) 
whose cross-sectional area is 1.8 times that of the artery. Determine 
the pressure difference between the blood in the aneurysm and that 
in the artery. Assume the flow is steady and inviscid. 


From the Bernoulli eqvation, 
fi tdouta, - a +dol, a0, 
Where Z,=Z, and V=052 


Thus, 
() Pa fi=ze(Vy*- 42) 
However, 
C= Puy SG = QP, , (1) = 99944 
and . i 


VA, <4 A, or 


Vee BY = (EY 
Thus, £9 U/) becomes 


2. 
ff = £19998) (0.52) -(ee) (0.527 ] 
= kg:-mM) 72 _ N 
§6.3(E Yim = 86.3] = 86.3 Py 
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3.63 Water flows steadily through the variable area pipe shown in Density = 600 kg/m? 
Fig. P3.63 with negligible viscous effects. Determine the manome- 

ter reading, H, if the flowrate is 0.5 m?/s and the density of the 

manometer fluid is 600 kg/m’. 


Area = 0.05 m* ” jae 0.07 m? 
AFIGURE P3.63 


From the Bernoulli eat 


fi M ag th = fe 5 Me pth, where Z, =A. 
et 

fof = YW) = Ze VK) 

But @ =A,V, =N2Ve co that 


m? 
_ ai O53- _— ol = = 
MOR aoage Oe an ER 


Hence, from ‘3 (/); 

fa fy = £0999] (108) (2.4 BY] = 24.5x10 FL) /n* 
=245xi0 

For the manometer 

Piao h —Yoanll = fs Bigg (M440 

so that 


f “fee » (htW) ~ q - I = (Op 5 Grand t= BC y, 5° Onan) 4 
Hence, ‘ Egs ()and (3): 


SS a m ka _ 400k 
24,5K10 = = 9.81 3 (999 29 600-2) H 


or 
H= 6.26m 


3.6¥- Water flows steadily with negligible viscous effects 
through the pipe shown in Fig. P3. 6#It is known that the 4- 
in. diameter section of thin-walled tubing will collapse if the 
pressure within it becomes less than 10 psi below atmospheric 4-in. diameter thin-walled tubing 
pressure. Determine the maximum value that A can have with- 


out causing collapse of the tubing. 


mB FIGURE P3.64% 


Betz +gh = fe +Z24 2 
where wig 
f.79, Vi=0, 22-0, and p= -lojgs (WEEE) = -/440 fs 
Thus, with z- 44h 
at - _/¥40 lb/ft? r a 
62.4¢16/H? ° 2(32.2F1/s3) 


r= 4178 


Also, . 
Aaa + Zs = £42, +f 
where 
555 AzVe _ wa ft 
f= 9, 2,=7h, and Ve= Z ; 2) tiny. 7) 
=f sit 
ThVS, ; 


a (18.546) 
Ht ht 2 (32.2 41/s*) 
or 


h= 1.31 ft 
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3.65 Helium flows through a 0.30-m-diameter horizontal pipe 
with a temperature of 20 °C and a pressure of 200 kPa (abs) at a 
rate of 0.30 kg/s. If the pipe reduces to ().25-m-diameter deter- 
mine the pressure difference between these two sections. As- 
sume incompressible, inviscid flow. 


ra) *(2) + Q 
ae z= = +e + Be 7 
ie Cy a 29 D,= 0.3m D,= 0-25 
where #, <2, p= 200kfa abs 


J, = 20°C 
Thus, 


3M 
 ~-fa® 4+e(\’- V,~ where f = fe -260XKI0 Be 


RT, iad igtt )(273 +20) k 


or 9 ke 
= 0,32 
Also, k p m* 
m=PA=0 30% 
so that 
= 0.30 = 12.92 
(0-329 85) Z (0.3m) z 
and 
AV, =Anve or 
a YN 0.3m 7 m 
y, =( V, = eel e (12.92) = 19.62 


Thus, from &9.%)' 
ff = + (0.329 49.) (18.67-12.9*) 2 = 29.5 Pa 
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3.66 Water is pumped from a lake through an 8-in. pipe at a 
rate of 10 ft’/s. If viscous effects are negligible, what is the pres- 
sure in the suction pipe (the pipe between the lake and the pump) 
at an elevation 6 ft above the lake? 


where 0:79, Y29, 2-0, 2,-6.0 t¢ 
d 


_ 40) 
Mee oe eave 
7 (4) 


er: 


— 62.4 1, (6.0 ff) - £ (1.9% oh) (29,6 ft)? 
- 8.11 ps/ 
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6 = width = 0,06 m ; 
3.67 Air flows through a Venturi channel of rectangular cross FE Free jet 
section as shown in Video V3.t0 and Fig. P3.67. The constant ¢ 
width of the channel is 0.06 m and the height at the exit is 0.04 m. 
Compressibility and viscous effects are negligible. (a) Deter- 
mine the flowrate when water is drawn up 0.10 m in asmall tube 2 


attached to the static pressure tap at the throat where the chan- 9,94 m3>0.10m 
nel height is 0.02 m. (b) Determine the channel height, 4, at 

section (2) where, for the same flowrate as in part (a), the water 

is drawn up 0.05 m. (c) Determine the pressure needed at sec- 

tion (1) to produce this flow. 


m FIGURE P3.67 


(a) For aA. inviscid, incompressible flow: (¥= 12.0%) 


7 Va 
(1) foe 2g 2 Ee tae where fy=0 , py= ~ by 0 f, = 920x10-M, (o,1m) 


Alco = -980N, 
(0.04m *0,06m) m 
“Aa Va = Aa Ve 0 that Ve = (6.02mx0.08m) = 2% 


Thus, Eqn.(1) becomes 


NV ek 
~ 980 jni AW _ Vy 
12.0 %, "30.812 (9.01%) — 20981) ll Vp = 23. 


Hence , . 
Q= A, Vy, = (0.0%mx0.06m) (23.1%) = o,oss¢ 


le ae le 
(2) (b) ae te = ty tag Where fu=0, pp =, | Pies 9.eox)o (0,05m) 


= ~ 490 
From part (a), Vz= 23.12 = 


Thus, Eqn. (2) becomes 


- 490 ta Vv," (23.) 2)? m 
Pees & I OO 86.5 ST 


12, 0X, 27.81% n) 2 (4.81%) 
But YA, = Vi Ae so that 


(36.54) (0.06m)h, =(23.1$)(0.06m)(0.0%m) or h, 20.0253m 


(3) (c) Also, At + S irk where fy, =0 and A,V, = Ay Ve 


But since A, =(0.04mx 006m) = 4. then V= Vu and Egn.(3) gives 
= Ps =e 
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3.68 Water flows steadily from the large open tank shown in 
Fig. P3. 68. If viscous effects are negligible, determine (a) the 
tlowrate, Q, and (b) the manometer reading, A, 


Mercury 


BFIGURE P3:68 
ca From the Bernoulli equation, 
a tz 0 yr ez, ~ £2 +p Vy," +022 where f= f2=9, 4=0, Zz, <4m and Z2=0 
Thus, 
&Z, eto, , or eg 2, = # Ve so that Vy = 2g 2, 
or ‘ 
Vo =Y2(9.81mls*)(4m) = 8.86 m/s 


Hence, 
Q= A, V, =F (0.10m) (8.86m/s) = 0.0696 m/e 


(b) From the Bernoulli equation, 
fs poe = fn #20 +023, where Z2= Zs and pz +0 
fp = 20(Ve - Ve") 5 
Also, A2V, = As Vs so that V; _ 3 -(# y¥, - (2%) 8. 83m/s = 13.24 m/s 
Hence, 
ps = % (494g /m?) [(8. 86m/s) - (13.84m/c)" | = - $6,500 Mm? a) 
Also, from the manometer, 
fr = ~ oy h +Y, (2m+(0.08/2)m) 
- (133x10° N/m?) h 19.80x10 V/m?) (2.04%) 
— 133x)0°h + 1,99x/07 M/m* where h~m 
Thus, from Eqs. (1) and (2): 
~ 5,85xj0% W/m? = -133%10%h #1,99K10" Vg? 


or 
h=0.574m 


3.69 Water from a faucet fills a 16-oz glass 
(volume = 28.9 in.*) in 20s. If the diameter of 
the jet leaving the faucet is 0.60 in., what is the 
diameter of the jet when it strikes the water sur- 
face in the glass which is positioned 14 in. below 
the faucet? 


ros Yr “2g 


With ~<f2-0 , 2,=/hin. , 22-0 
Thos, 

2 vi?" Q_ 
Vo = 23( Z+33) where =A gale 
or (ft 3 


Y, i. (28.9 in?) ( [Zin | 


= z = OF28 ft 
#(SE)H" (205) x 


Hence, 
/ ! (0.4264)? ) 4 
y= a(s22Hh (iH + Be) = g.67 
But, 
AMY=A,4 so that O23, 4 
or ft 


4, ! 
Vi ¥Z ws : ; 
dD. =(%) B= (Caee )"(0.80in) = 0.132 in 
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3.70  Aijr flows steadily through a converging-diverging 
re ‘ctangular channel of constant width as shown in Fig. P3.70 
and Video V346. The height of the channel at the exit and the 
exit velocity are Hy and Vo, respectively. The channel is to be 
shaped so that the distance, d, that water is drawn up into tubes 
attached to static pressure taps along the channel wall is lin- 
ear with distance along the channel. That is, d = (dm,,/L) x, 
where L is the channel length and d,,,, is the maximum water 
depth (at the minimum channel height; x = L). Determine the 


height, A(x), as a function of x and the other important para- 
meters. 


w FIGURE P3.70 


f ‘ zt +g ev" = fe 4#Zo o +t 0%” where e =4if density 


where 
¥-Z0, fo~9, fP = - Uy d d= ~ Uy Smee x 
Thus, 
~ yy Mmeex + 0V* = 3 ph 
But 
AV=A,\, or Y= Be V) = fey, 50 that 


Zz 
Yq Mpa x + tof ev, -tev, 
; eaeee 


Ho /) 4/2 Si20 dass) x Typical shapes are shown below. 
eV 
H/Hy vs WL 


x/L 
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3.71 The device shown in Fig. P3,7/ is used —_ 

: i : 0.10 in. diameter 
to spray an appropriate mixture of water and in- D :; 
secticide. The flowrate from ‘tank A is to be 
Q, = 0.02 gal/min when the water flowrate 
through the hose is Q = 1 gal/min. Determine 
the pressure needed at point (1) and the diam- 
eter, D, of the device. For the diameter deter- 
mined above, plot the ratio of insecticide fowrate 
to water flowrate as a function of water flowrate, 
Q, for 0.1 s Q <= 1 gal/min. Can this device 
be used to provide a reasonablv constant ratio of 


FIGURE P3.7/ 


insecticide to water regardless of the water flow- ) tV, 
rate? Explain. 


hes +Z, = ak +Z2 where fo*", V,=0 (0) (0) 
2,=0, 2,=O0.5ft, and k= m with % J 


al {231 ff : -s fi 
Q,= 0.02 FF (Fre Hr )( lait) = 446 x10" 3 
as 


3 
0 ep * “Ss 
4 12 


Hence, 
fo=~2 He - #2, =- £ (194 SBR )(36. 3fty’- (62.445 )(o.st)= -1310 4, 


Now assume 217 F2 and neglect the kinetic eneroy of the insecticide 
compared to that of the water af (!). That is, 


2 
hia Mee, 2 #2 + w +Z, , where Z,~2; , Y= 5 , and Y=-% (i) 


24 
y US, ae th 


231 #)/ ff? 
Fs 1728 gol gee) = 2.2310" “it we have 


Yj = 223210" 3 

ey 

~ 13/0 Vy? (40.82)° ff 
= = 54, 

62.412 — 2(32.2 #) © 2(32.2) 2 ih aed 


Thus, "Zp *V4=Q or 


3 44 
{#¢ eye <i eae Je Z/9x10 > f} = 0.0863 in. 


= 40.8 ff so that Eg. ()) gives 


With this diameter delermine $8 with o.1<Q<1 2% 


(con't) 
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(con't) 


From Eg, (1): 
fit zev =tele* or with Vee} and 4-2 


ae eee oy TS slugs) ~* ! a 
P= £0 | AP A =4(194 2B) Q Co Feemir| 
or 
f= -2.62x106 Q* 4 5 where Q~ £ (2) 


Also, trom £9.(0) with p,=f, 
or f= -4e%- w2, 


Js 


Vo.= & =a See = 8.15 x10* Q, i , with g,~ 
FA 2 fl) 
Thus, 


or 
Py = ~E##X10" Og - 31.2 1B, where yn £ ” 


Combine £qs. (2) and (3) to give 
2.62x10°Q? = 64X10" Oy $32 


or 2 dl 
(2) = %07x0"- 289K) nn, gn 
Q Q* , 3 
Thus, 


= 
@ = 0.0202 41-4" where Q~ o 


Plot Ea. C4) from-Q = 0.1 gal = 2, 23x19 to Q=) 20 =2.23xjo7 
Note: & =O when Q= (1.19x10°7 2 =3,95 x10 ¢ 
With WB 23.45xj0%# , £9-(4) gives the sqvare root of a negative 
number — not physically possible. With Q=3.4sx10* Eq, (2) gives 
fy =31.2 4a Me minum needed to draw the insecticide up the 


0.5 Foot elevation to point (2) 
H ieee 


0.0 


¢ 


HL 
fe 


4 
4 


Cr ae 
x 
ise 
a) we aasnees 
to FSi pores EEE 
Fad erases: + an 
Sy EES SHEECE 
rH desi 
3 
28 oR 


] 
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3.72 If viscous effects are neglected and the tank is large, de- 
termine the flowrate from the tank shown in Fig. P3.72 


FIGURE P3.72 
where £1 = 2% + Lh = fh 
Z,=0.7m , Z,=0,and V, =o 


2 / 
@= Z(0.050m) 2(1912)( 0.81 (2m) +0.7m) = 0.0132 


3.73 Water flows steadily downward in the pipe shown in Fig. 
3.73 with negligible losses. Determine the flowrate. 


MFIGURAE P3.73 


From the ed equation, Ss 

fi+2,+ 2 -Prznt Me where Z,- 2,72 
ay 

ve 

AV, =AxK, or £U. 2m)V, 2 F (im) Ve 

or 

V, = 0,694 V2 


Also, from the manometers, 


fp = oh, and f= Gish +oh, , where Gy = 0.7% 
Thos 
p.-fs $(0.7h, thy) eh 


pct =h, -9.3h, =2m-0.3 (1.5m) 2 155m 
Now, from Eq. (1), 
t- 2, eybe Me 
| i zg . 
which, when combined wrth Egs. (2) and (3), gives: 


2m =lssmt - (0.59%) ) 


VA. 
2(9.81m/s*) a 


77, z m m 
Q) = AV = gm) (4.13 =) = 3,24 > 
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0.5 in. Hg vacuum 
0.6-in. 
diameter 


re, 


FIGURE P3.74 


3.74% Air at 80 °F and 14.7 psia flows into the tank shown 
in Fig. P3.74 Determine the flowrate in ft3/s, lb/s, and slugs/s. (1) Q 
Assume incompressible flow. a 


Bp pM 42, -it rz, where 2, =Z2 » F129, Y=0 
Thus, 
PPE PP 
where ep «7 fe) (008 FE) = 2, 28x/ a a 
(red em) i #80) °R 


Hence, with f= hh = eed me) (3 ft) =-a5.a 4 
aa ty cas] 176 £ 


2.28x/¢ > Slugs 
ft? 


Thos, 
Q=/A,V = $(9¢ < #4) F (176 B) = o.ane 


m= eQ = (2.28x10 33 (0.246) = 7,89K/0 # slugs 
gm = (32. 2 Hf L) (7.89x/0 +S = 0.0254 2. 
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3.75 Water flows from a large tank as shown in Fig. P3.75.At- 
mospheric pressure is 14.5 psia and the vapor pressure is 1.6() 
psia. If viscous effects are neglected, at what height, A, will cav- 
itation begin? To avoid cavitation, should the value of D, be in- 
creased or decreased? To avoid cavitation, should the value of 
Dy be increased or decreased? Explain. 


FIGURE P3.75 


where f> =/¥.5 psia 5 f7* 1.60 slay, 
Z,-h, Z,=0,and %=0 


(1) 


However, 5 


AN, = As or V,=(52) Vs 


with fro* fz 4 Zz =0 


Combine Eqs. (!) and (2) to obtain 


CO 4(2e\h 


lb in? 

ef 6: 4.5 — 160) ( /# F#4 
h=* a w= + ib ona tH). 1.98 4 (3) 
(e)- 1] 62.4 | (22) -1] 


From Eg.3) if is seen that h increases in increasing D, 
and decreasing D,, Thus, to avoid cavitation (¢.s. to have 
h small enovgh) D, should be increased and D, decreased. 
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3.76 


1 in. 


A0-=2 galoin. «= - 4 
3.76 Water flows into the sink shown in Fig. P3.76 and Video Wi sath Ty itise: 7 yy 0-4-in. diameter 


V5.1 at arate of 2 gal/min. If the drain is closed, the water will 
eventually flow through the overflow drain holes rather than over 


holes 


the edge of the sink. How many 0.4-in.-diameter drain holes are - f 
needed to ensure that the water does not overflow the sink? Neglect Steppes 


viscous effects. 


FIGURE 3.76 


f+ Me +Z, = pt Baz, , wae 28 V =O, and 2279, 9. =0 


Thus, 
se or Vo= \2g2 = [a(sz.a8ty (422 4] * = 2,54 
Also, 


Q=nh,h =n Fa. ¥, , where n= number of holes required, 
d,=0.4% in, and C=contraction coet. 
=0.6! (see Fig. 3.14) 


Thus, — 


_ (4 min /23tin. \/_ 1ft8 y _ -2 ff 
Q=2 2 £5 0s” fun ) ( 23. Tgal i 1728 ind a) = %, ¥8X10 = 2 


oe 4 (4.46 110" ft/s) > 
Wl. da V2 7 7 (0.61) ( 42) fl? (2.54tt/c) Be, 20 
Thos, # Aoles are needed. 
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3.77 What pressure, p,, is needed to produce a flowrate of 
0.09 ft?/s from the tank shown in Fig. P3.77? 


Where f-2 = #7 +h, 2 =O 
Zo 28.4 77 , 23 =0 
and \V,=0 


where Q=A;\; ain 


Fad 


2 
— -2, )- ch = Ges. 4 le [S25 3.642] 


52.2 21) 
(2.0ft) 


~ 42.5 he 
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3.78 Water is siphoned from the tank shown in Fig. P3.78.De- 
termine the flowrate from the tank and the pressures at points 
(1), (2), and (3) if viscous effects are negligible. 


BFIGURE P3.78 


From the Gernoylli equation, 


2 
Potzele + 0%, = prt apy +SZe, where po=py= 0, Ve=0, Zo St} 


Thus and 2, =O 
bz, =7 0Ve , or Vi, = 2 0 z, /e = /29%, = 2(32.266)(s#) = 17.942 


Hence, 
0 = Au Vy = Zo.) (129¢L) = 0,41 LE 


— a +9 V7 +0Z, = fe +e oi” +YZy which with fu29, 220% cPH 
and V,= Vy (since fh, =Ax) becomes 
fp 2-02, = - (62.4 1b/#) (8H) = - 499-4, 


For p),: pos +d oy +02, = fu #2 Oy 40 Zy which with fly20, 2470 2°51 
and = Vi (since A;=Ay) becomes 
fy = 02s = -(62.416/H) (5 Ht) = - 312 Ib/f* 


For f : Since Z,= 23 and V2=V: it follows that 
fr =f) =-39/2 Ib /f{? 
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3.79 Water is siphoned from a large tank and discharges into 
the atmosphere through a 2-in.-diameter tube as shown in Fig. 
P3.79. The end of the tube is 3 ft below the tank bottom, and vis- 
cous effects are negligible. (a) Determine the volume flowrate 
from the tank. (b) Determine the maximum height, H, over 
which the water can be siphoned without cavitation occurring. 
Atmospheric pressure is 14,7 psia, and the water vapor pressure 
is 0.26 psia. 


2-in, diameter 


(a) From the Bernovlli equation, 


fir tira = “Arie +Zz , where =fp.? 20 and V,=0 


Thus, 
ol ta rth 

a Za) = (2)(32.2H) (A+ =27,eH 
hous 


Q=A,V, aie \ (27.82 $y 2 0,07 


(b) From the Bernoulli egg, 


V,~ 
Cts 42,2 fe + Ve @ tBe , Where Vi=\6 since QA. =AaVs 


; and A>. <A; 
Thus, with 2, ~2.= Ht Ot +3t =H + 2H 


p; +o'(%,-Z2) = #2 


where fi = /4.7psta and fi. = = 0.26 05/4 
Hence, 


(62. +B) (yaa) = iapaa se Ce 


He 
or 
Hz 21,3 Ft 


3.80 Determine the manometer reading, h, for the flow shown = fF | 


in Fig, P3.80 


0.37 m 


rasta —* Free 


fem ee —> jet 


a 


diameter () 


0.05 m diameter 
FIGURE P3.80 


2 a 
i tteaz | te tBiz, Where 2 Fip y yy =o, and 
V2 = 0 


fi: = 2 
Houser, f= 0h and ('2= 0 (0.37m) 


so tha 
h =0.37 m 
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3.81 Air flows steadily through the variable area pipe shown in 
Fig. P3.81. Determine the flowrate if viscous and compressibility 
effects are negligible. 


From the Bernoulli: equation 


y2 
(1) aoe +Z, = mer +22 where z > and V, =0 
an 


(2) Q=A,V, 
Also, from the manometer 
(3) fi +o h ? bya "fe ; bain (h +h) 
But Spo >> Yair co that F¢.(3) becomes 


f’2 * tf + peo h, or ie = =f! + + Sis 
r Cour 
Hence, sa 04 ): me 


ft age 
air 2g = fi af 


Tino), m fae 9. 80x10 As 
2 2(08 = 4002 
v = [2p Eph a : x *) 12,0, *)¢ " ) 


Thus, from Eq, (2) 
3 
Q=Z(o2my (40.0%) = 1262 


BFIGURE P3.81 
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3.82 JP-4 fuel (SG = (0.77) flows through the Venturi meter 
shown in Fig, P3.82 with a velocity of 15 ft/s in the 6-in. pipe. If 
viscous effects are negligible, determine the elevation, A, of the 
fuel in the open tube connected to the throat of the Venturi meter. 


V = 15 ft/s 
BFIGURE P382 


ae 
29 
As peere 


",- # y, = (2 =) = (£4 Psi) =33,75H 
Thus, with G = a Eg. (1) becomes 


Vg 
+z, = 4 ogee Z2 where 2-0 , 22-7 Ft, (1) 
and A= ISU 


Pha. (33.75 #)? = erik 1s ft)? +2 4 


s 2 (32 2.244) 
or 


ft = —7,$83 ff 
But Bt=-h so that h= 753 fi 


2 (32.2 £) 


3.83 Repeat Problem 3.82 if the flowing fluid is water rather than 
JP-4 fuel. 


Note from the solution to Problem 3.82 that the 
value of Sis not needed. Thus, h = 753 ft for 
either water or JP-4 fuel. 
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FIGURE P3.84 


3.84 Oil flows through the system shown in 
Fig. P3.84with negligible losses. Determine the 
flowrate. 


where 2, =O, 2.=5f, and 
Y, -0 


+f where +04, =,+th,+h,h 
or 
Lee = L,-L+ Se h 
with pf =5H-h 


Thus, the manometer eguation gives 


ct = 5 +2 -1)p (2) 
Combine Egs.(iand (2), vsing 2. Sti fo obtain 


He -(F-)h -(S-I)h 


ee 2 (32.2% i )(-28 - i) (0.841) = 2.9 # 


Thus, 
Q= Ag \, =(20intx A) (9.9) ) = 139 


3. 


3.85 Water, considered an inviscid, incompressible fluid, 
flows steadily as shown in Fig. P3.@5 Determine h., 
a=4 ft/s 

Water 


0.5 ft diameter hi i] 1 tt déarneter 
3 


m FIGURE P3.85 


pt ¢2, +2 0V,* = p, + 0z,+¢ el? 


where 21-0, 242311, Ve, and (== 5 509 ft 
Thos, : 
s 
fit SLU S88) (5.09 i? . = fp, + 62. ae, (3 ft) 
or ' 
fh fr = 162.2, ti) 


But from the manometer, 


fi -F(f+st) + S(htL) = 2, 


. ~ 62,4 ie P(3H) +624 ne h = fe 
ence, 
f, = fi, +187 - 62.4h which when combined with £y. U/) gives 


fr (87 - 82.44 — fr, =/62 
or 


h= 0.4004t 
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3.86 Determine the flowrate through the submerged orifice 
shown in Fig. P3,86 if the contraction coefficient is C, = 0.63. 


FIGURE P3.86 


where f, =9, V=0, Z,=4¢¢4, 
Z,=0, 4nd £2 =2 tt 


(> 
4H 2H* Tee SH 


ae =//.34 # 
so that 


2 3 
0 =ALV = GAs Ve =(0.63)F Ge fl) (1.34) = 0.351 
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3.87 Aninexpensive timer is tobe made from 
a funnel as indicated in Fig. P3.87 The funnel is 
filled to the top with water and the plug is re- 
moved at time f = 0 to allow the water to run 
out. Marks are to be placed on the wall of the 
funnel indicating the time in 15-s intervals, from 
0 to 3 min (at which time the funnel becomes 
empty). If the funnel outlet has a diameter of d 
= 0.1 in., draw to scale the funnel with the timing 
marks for funnels with angles of 0 = 30, 45, and Plug 

60°. Repeat the problem if the diameter is FIGURE P3.87 
aetna: to 0.05 in. 


(1) — 


ie 7,79, =O, wo, 25 
2, =0, and y=-dh cov, 


if R>> g 
Thus, i, 
Y4= pics which when combined with Ay, =A, \e gives 
-A,# =A,f2gh or -7R° =Zd%2gh (i) 


where R=h tan@ 
ae, Eg. (i) becomes —}* fan? dh = £ \egh 


"pM dh = = -d*Veg dt which can be integrated from h=ho 


4 tan*6 ie6' a: 
3/2. dog. 54 545 _ dP 
( th =~ EB (a or $[h* HA] -- Es 
(6) 
Tho, i (2) 
/ 2 
y = Ihe sd Vag? Since h=0 when £= 320 
22.28) = follows that, = /808 
2 V2 (32.2) (180 
h,@ = cS ett 3 Nes which when combined 
g tan’@ o/s with e (2) gives 
2) (32.2 ££) (180s) i 
Sd 
h = 8 fan®6 i aa6) 


h = 15.2 [45- dy" ie i) ” haben h~ ft , d~tt andtes 


For ¢=0,15.30 ...,/80s calevlate h from £9. with 

6 = 30,45 and 60° and d=0./ and o.osin. The calculated data 
for d=0.05in. and 8=30de9. are shown in the tabje below. 
Other data are graphed. — (con't) 
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30.00 deg 


9.0500 in and theta 


d 


For 


+H 
cH 


al 
a 


O1 
O 
1 
O01 
=O2 
01 
01 
6) 
O01 
01 
O01 
01 


i. Ft 


+2... (9S 
42-8605 
+27 SEE: 
2,2 G2 
2.501E 
4:2..737 VE: 
+2. 22253 
#2.072E 
+1289 55; 
+1. GSioe 
+1.436E 
21 JOBS 
+0.000E+00 


+ 


sh 


or 


N 


° 


pi | | 
CoH Stet 


Lt a 


Senne nee 
| 


FH 
a> 
+f 


N 


SQN 8808)\ee 
tt beh 
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3.88 A long water trough of triangular cross 
section is formed from two planks as is shown in 
Fig. P3.88 A gap of 0.1 in. remains at the junc- 
tion of the two planks. If the water depth initially 
was 2 ft, how long a time does it take for the 
water depth to reduce to 1 ft.? 


teed +e, = en +Zy 
where 7,=0, 72-0, 2,=h,and 22-0 

Also VA, =\Az . since L>>ur jt adic 
follows tat V<<\y , where V=- 4 “i 
Thus, Eg.) gives 


= 29h so that 
-A, = Ayl2gh with A= bL=2bh and Ay= bw 
where b is the tank length. 
Thos, 


-2bh = bw l2gh 


or 
jhdh = - wf% dt which can be integrated to give 
he! 


*3.89 A spherical tank of diameter D has a 
drain hole of diameter d at its bottom. A vent at 
the top of the tank maintains atmospheric pres- 
sure within the tank. The flow is quasisteady and 
inviscid and the tank is full of water initially. De- 
termine the water depth as a function of time, 
h = A(t), and plot graphs of A(¢) for tank diam- 
eters of 1, 3, 10, and 20:ft if d = 1 in. 


v. 7, Vo 


rte te, ae aie ale 
hens $170) f= 9,2) = =h, 2,=0 and y=-# <<\h jfrod 
Ths, 
V, =/2 gh which when combined with Al,= Az V2 gives 


-A, 4b =A, 29h or -m r?-dh - £42 hoah (1) 


where ‘e =p 2 +h ~Ay - 
with R= 4 > =radivs of tank h-R ee 


2 
Thos, r=] iraked so that Eg (/) becomes 


Bias (ic Arla as - Y2gh 


%_op inc d d*2g d*\23 which can be tegrated from 
Ge s) ? the initial time and depth (t=9 
h=2R) toan arbitrary time and 
h t depth (th) as 


((H*-2n0'8)e = Pe { dt 


4) 


an 
" 2(4% (ory) - $rx(4°*_-(n)) = ave t 
Use d= rx tt and g= 32.2 — and plot bh for 
values of R =0.5, 2.5, 5, and /0 ft 
Note: It ss easter to solve Ey. (2) as t=th) rather 
than h=h(t) 
Note: The time taken to empty the tank, t,, 1s obtained trom 


Eg.(2) with h=0 as 
64 RA 


(con't) 


Results of an EXCEL Program to calculate h(t) from Eqn. (2): 


B= tt 
ts 
0.00 
0.09 
O35 
0.77 
1.34 
2.05 
2.89 
3.84 
4.91 
6.06 
7.30 
8.60 
9.94 
TAS a 
12.69 
14.06 
15.37 
16.61 
Wate! 
18.62 
19.14 


h, ft 
1.000 
0.950 
0.900 
0.850 
0.800 
0.750 
0.700 
0.650 
0.600 
0.550 
0.500 
0.450 
0.400 
0.350 
0.300 
0.250 
0.200 
0.150 
0.100 
0.050 
0.000 


D=5ft 
t, Ss 


1041 
1070 


h, ft 
5.000 
4.750 
4.500 
4.250 
4.000 
3.750 
3.500 
3.250 
3.000 
2.750 
2.500 
2.250 
2.000 
1.750 
1.500 
1.250 
1.000 
0.750 
0.500 
0.250 
0.000 


D= 10 ft 
t, s 


h, ft 
10.00 
9.50 
9.00 
8.50 
8.00 
#50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3:60 
3.00 
290 
2.00 
1250 
1.00 
0.50 
0.00 


See next page for graphs of above resulis. 
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Ccon't) 


1.0 
0.9 
0.8 - 


Water Depth vs Time 


D=1 ft 


ONe> 
06 - 
0.5 
0.4 


h, ft 


0.3 


h, ft 
o- 2 NN PW owe 5 KH & 


Water Depth vs Time 
D=S5ft 


0 


a en oe 


ater Depth vs Time 
D = 10 ft 


h, ft 


0) 


2000 


t,s i= 


4000 


6000 


20 
18 
16 
14 


200 400 600 


t,s 


800 1000 1200 


Water Depth vs Time 
D = 20 ft 


0 


10000 20000 


t,s 


30000 40000 


3.90 When the drain plug is pulled, water flows from a hole in the 
bottom of a large, open cylindrical tank. Show that if viscous ef- 
fects are negligible and if the flow is assumed to be quasisteady, 
then it takes 3.41 times longer to empty the entire tank than it does 
to empty the first half of the tank. Explain why this is so. 


Q-AV=BdeV =A (Sh) 


where 
n [29h and hi, nk <a 
Thus 


a Vagh <0°(-8) 


or 
h 2 
an =~ tg (4) 4H 
Integrate from h=H at t=0 fo h ald: 


d ar 
a —agler(e 
or h 2 
2 [r| . - fog (4) t 
H 


or 2 
t <5 (2) [i -Ih | 
This to empty the tank 
. jag (2) 
ve to half empty the tank 


Al jeg (a) [WF - {E } - = (DF iy [1g 
mai iiahils 
Al a ae 
Au gg mle) Li-a ~ 34 
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¥3.91 The surface area, A, of the pond shown 
in Fig. P3.91 varies with the water depth, h, as 
shown in the table. At time t = 0a valve is opened 
and the pond is allowed to drain through a pipe 
of diameter D. If viscous effects are negligible 
and quasisteady conditions are assumed, plot the 
water depth as a function of time from when the 
valve is opened (tf = 0) until the pond is drained 
for pipe diameters of D = 0.5, 1.0, 1.5, 2.0, 2.5, 
and 3.0 ft. Assume hk = 18 ftatr = 0. 


FIGURE P3.9! 


SERA ELS eS KEE AES SAE SS SE SEP SS SS SM TE DE 


h (ft) A [acres (1 acre = 43,560 ft? )} 
0 0 
2: 0.3 
4 0.5 
6 0.8 
8 0.9 
10 Teal 
12 LS 
14 1.8 
16 joe 
18 2.8 


4. 4Maz, - 2+ +Z2 where $=0, fh=-0, B=h, 2,=-3 
and Y=-dbecy, 
Thus, Vy L = 29(h +3) which when combined with AV,=A, Vy 


gives 


-A, 4 =F Tp *f29(h+3) where A, =A,(h) as given. 


he can be rearranged , and integrated to give 


(Ape joer aie eae f} =-£p*/2 “2a t =-£D° fosz.2 ft 


18 4 " 
or d ; 
id —— Ape , where tvs, A~ Ht, and h~ tt ) 


Note: It is easier to determine t asa fonction of h rather 


than h as a fonction of t 


-2 


Note: t~ D 
(con't) 
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(con't) 


An EXCEL Program using a trapezoidal integration approzimation was used to calculate the results 


shown below. 
D=05ff D=10ff D=1.5ff D=20ff D=25ff D=30ft 
h, ft A,acres A, ft? tes t,S t,s ts 5 t,s 
18 2.8 121968 0 0 0 0 0 0 
16 2.4 104544 32181 8045 3576 2011 1287 894 
14 a lets} 78408 59530 14882 6614 3721 2381 1654 
12 1.5 65340 82354 20589 9150 5147 3294 2288 
10 el 47916 101536 25384 11282 6346 4061 2820 
8 0.9 39204 117506 29377 13056 7344 4700 3264 
6 0.8 34848 132412 33103 14712 8276 5296 3678 
4 0.5 21780 145035 36259 16115 9065 5801 4029 
2 0.3 13068 153988 38497 17110 9624 6160 4277 
0 0 0 157704 39426 17523 9857 6308 4381 


The graph for D = 1 ftis shown below. The shape of the curve is the same for any D. 


Water Depth vs Time 
for D = 1 ft 
20 
18 4 - 
16 | 
14 - 
12 
= 10 
8 
6 
4 
2 
0 
0 10,000 20,000 30000 40000 
t,s 
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3.92 Water flows through a horizontal branching pipe as shown in 
Fig. P3.92. Determine the pressure at section (3). 


—> V, 
P= 350 kPa 
(2) A, =0,02 m2 
Fi (1) 
V,=4 m/s 
P; = 400 kPa 
A, =0.1 m2 


RMFIGURE P3.92 


Q, = Ye + Qs or Ve = i ae where Q, = =A, V,= Om (48 


= 042° 
Ss Vz 
Also Q=AgV, where Sp+dy+2/=Ftgg t2n 
7% with Z,= 22 
US, 
400k Pa (42y Pe a V.* 
7.80 KY 20.01% 9.60 AX 2(7a12,) .) 
or 
V,=/0.7¢# 
oe 
La 02m’ (10.782) 
6 m 
2 
Then from fi, We +Z; Hie +Z3 with 2,=23 
we obtain F —_ ki 
2 BY x 2 @ 2. 2 
3 = tag (V — Vz") = 400kPa + Sigei&)\* oe 
or 


f, =(400 +4,5%) Lt = 4O4.S kPa 


3. 23 Ap = 0.07 tt? 
a i 


p2 = 5.0 psi 


3.93 Water flows through the horizontal branching pipe shown 
in Fig. P3.93 at a rate of 10 ft’/s. If viscous effects are negligi 


ble, determine the water speed at section (2), the pressure at sec 
tion (3), and the flowrate at section (4). 


(2) 


A3 = 0.2 ft? 
V3 = 20 ft/s 
neal 

Ay = 1 ft? 
Q, = 10#t4/s 
Pi = 10 psi 


(4) 


m@ FIGURE P3.93 


From (1) to (2): Ae + tt tz, <4 + +2, where Z= = 2, , fy /0psi, 


fo =S pst, and \,= ot or 
V, jo 2 ft 
Thus, with Y= o =(10£)/7147) = sof 


10 a) in: ) S igi Soe 2 ft 


From (1) t0(3): Bt +e +z, - GF + +3, where 2,=2,, f, = /opsi 
Ths, V, 08 and V, = 208 
(of r(mede) , (ot) _ ps 


= (20 #)? 
62.4 Re 2 (32.2 ££) 62 iB 


2 (32.20) 


ar Ib 
?3 = 1150 via = 7.98 pst 
Also, — 
Quy = 0, -@, -Q, = Q, = foe — Aa V> 
or 


0, = jot 0.07" (29.04) -o2tt{(20#) = ia 


Bod = 


3-44 


3.94 | 


3.97% Water flows from a large tank through 
a large pipe that splits into two smaller pipes as 
shown in Fig. P3.9# If viscous effects are negli- 
gible, determine the flowrate from the tank and 
the pressure at point (1). 


FIGURE P3.9% 


+ Bes, where fA 0, f,=0, 
and = ee 


= 24 (2-4) = 7f2(42A/B)(7-4)m =7. 
Similar! 
V; = = 29 (Zo -Z,) = y2(7.0/ & 5) (7m) = 1.72 
Q = Q,+&, Py A +S Ve 


= Shang) 
= Z/oxjo 


2. 
‘ +e +z, where 2,20 and 
7 y= - 910x032 Be 
E (0,05 m) 


# a 1] 2,- ze] = 9.80n0°L, ] 7m - ee ey) 


or 
ff =579 kPa 


a795 


3.95 An air cushion vehicle is supported by 
forcing air into the chamber created by a skirt 
around the periphery of the vehicle as shown in 
Fig. P3.45 The air escapes through the 3-in. 
clearance between the lower end of the skirt and 
the ground (or water). Assume the vehicle weighs 
10,000 Ib and is essentially rectangular in shape, 
30 by 65 ft. The volume of the chamber is large 
enough so that the kinetic energy of the air within 
the chamber is negligible. Determine the flow- 
rate, Q, needed to support the vehicle. If the 


Jo support the load , = 
0 


Also, 
7 yee 
font +Zo = “> * 
So that 


V.= 178 or Ve 


“ue 


“Roe 


ground clearance were reduced to 2 in.. what 
flowrate would be needed? If the vehicle weight 
were reduced to 5000 Ib and the ground clearance 
maintained at 3 in., what flowrate would be 
needed? 


a ad 


Vehicle 
Skirt fe ia = 
"OG s +(0) we ) (2) 


FIGURE P3.95 
where W=vehicle weight 


and A= (30f#)(65f4) = 1950 #47 


3 in. 


where 2,=0, Vo=0, and 2,722 


With h= ground clearance jt follows that 


Q=A,VY = 2h(L+b)V, 
Thus, 
Q= 2h(sst +30ft)] 


or 


where L=65f4 and b= 30ff 


2W 
77 9S0TP No aauie Sl@\ 
(7 9S50fP)(2.38x/0°% 4) 


Q=/247h Ww ells where h~ft and W~/b 
Thus, if h = 7a #4 and W=/9.000 18 | then @= 3 204 


#h=Z#H and W=/0,000l | then @ 
and if$h=7eH and W=5000/6 then @ = 


3 


Ria 
S 


_— 
= 


2 080 


fH 
2 200 — 


G6 


3.96 | Water flows from the pipe shown in Fig. 
P3.96 as a free jet and strikes a circular flat plate. 
The flow geometry shown is axisymmetrica!. De- 
termine the flowrate and the manometer reading, 
iH. 


FIGURE P3.96 


fia + 25 Bile Biz, 


where ,=0, #270, Z,-0, and 2,=0.2m 


Js 


Thus, 
Mele +Z2 wh = = 
ap = 2g+#2 where A\=h,\ =Q 


-4 
ye By = Th y, es Heby = 4. (0.1m) (4x10 m) y =16V, 


rer (0.01m)* 


Hence, Eq. (1) gives 


(1.60%) =V42 +2.(9.81%)(0.2m) or V,= 1592 
so that ; 
Q = A.V, = 7 (Ol m)(4X10 "m) (1.592) = 2.00x10 * 2 


Also, 
Arh +Z, = Ber Bitz, , where V, <0, Z, = =0.2m,V= =/.60 V, 
or V,= 1.60(15 99) = 2.542 and p= 


(2.54% M12 


= ~~~ - 0.2m = 0,129 
° -2(9.8/2) Reet) 
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Disk Vises 
3.97 Air flows from a hole of diameter ().03 m in a flat plate as 
shown in Fig. P3.97. A circular disk of diameter D is placed a 
distance h from the lower plate. The pressure in the tank is 
maintained at I kPa. Determine the flowrate as a function of h if 
viscous effects and elevation changes are assumed negligible 
and the flow exits radially from the circumference of the circu- 
lar disk with uniform velocity. 


FIGURE P3947 
Nv 
where Po = ee $279, 472%, 
and \Y,=0 
_f 2¢10%) 


= 0,32 
1.23 its s 


so that 


Q =A, =O, hk =T7(0.15m)h (40.32) 


or 


Q=/7.0h ae where h~m 
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3.98 Aconical plug is used to regulate the air 
flow from the pipe shown in Fig. P3.98 . The air 
leaves the edge of the cone with a uniform thick- 
ness of 0.02 m. If viscous effects are negligible Q = 0.50 mis \ 0.28 oa 
and the flowrate is 0.50 m?/s, determine the pres- 
sure within the pipe. 


Pipe 


2 2 
bi» Miz, oA Mis 


ary; 2g where 2 =2Z2 and f2=0 
Also, 
ose 3: m 
M z ~ £(0,23m)* eS 
and m3 
Te See Sey 0.5 = = deen 
2° Ae 2m7Rh ~~ 27(0,2m)(0.02m) ~/%"S 


Thus, : : Pi 
fp, =F 0(V2-Vi) =F (1-23 B)(I9.9°- 12.07) a = /55 Fr 


3744 


3.99 Water flows steadily from a nozzle into a large tank as shown 
in Fig, P3.99. The water then flows from the tank as a jet of diame- 
ter d. Determine the value of d if the water level in the tank remains 
constant. Viscous effects are negligible. 


From the Bernoulli equation, Sone wor SOTA mee 
Ye , ive MBFIGURE P3.99 

fh tag +Z, = eG + 2g 

Also, 

E=4H and AM =AMs 


+22 where m, = and f, =0 


a Vy, so that 
2 ONO Py, _ 
V, = - (2 si = (QUOT YY, = 044M 
Thus, A Eqs. (1) and (2) 


_(W-W) 2 (1-(0. #4) Vy 
2 (32.2 Ft/s*) 


so that ; 
Oe A.V, = E(oiony (17.98) 0.1407 2 
Also 


Qi = @ where (y; =A Ve and V. 4 Poglane = [2 (32.25 HY 3f} - -/#t) 


=//,352 
Hence, 


E 4? (11.35 4) 20.1407 
or 
d= 0.126 ft 
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3.100 A small card is placed on top of a spool as shown in 
Fig. P3.400. It is not possible to blow the card off the spool by 
blowing air through the hole in the center of the spool. The 
harder one blows, the harder the card “‘sticks’’ to the spool. In 
fact, by blowing hard enough it is possible to keep the card 
against the spool with the spool tumed upside down. (Nore: It 
may be necessary to use a thumb tack to prevent the card from 
sliding from the spool.) Explain this phenomenon. 


BS FIGURE P3,100 


As the air flows radially ovtward in the gap between the card and 
the spool if slows down since the flw area increases with r, the 
radial distance from the center. That is, 


Q=27rh Vor V= —— (see the figure), = exit = (1) 
r ran 
V 


Tf viscous effects are not important, h poy 
then = 7 LF 7 
oe _# it Vexit on 
tag 2 constant =TSMt 4 i 
or Since fexit =O (a tree jet ie ; 


follows that ‘ 498g | 
2 2 
~ = 40 (Vous | x where from Eo. (1) Le call hr) ae | 
But feyjf >P so that p<0. There ts a Vacowm within the gap. 


The card is sucked against the spool. The harder one blows through 
the spooll larger @), the larger the vacwm, and the harder the card is 
held against the spool. 
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3.101 | Water flows down the sloping ramp 
shown in Fig. P3.104 with negligible viscous ef- 
fects. The flow is uniform at sections (1) and (2). 
For the conditions givenshowthat three solutions 
for the downstream depth, h,, are obtained bv 
use of the Bernoulli and continuity equations. : 
However, show that only two of these solutions FIGURE P3.101 
are realistic. Determine these values. 


brig 


Vy = 10 ttis—pe [ha = 1 


2 


ome + 
“7 
and 2,=h 

Also, A,V, =Aa Ve qe 
sf -hy _ fio) _ lo 

27 ha i ha 
Thus, Ea.) becomes 

(10 8)” i 
2 (32.2 EE) +3ft = 3(322 BY + 
or, * 

644), — 293h, +100 =O 


By using a root finding program the three roots to this cubic 
equation are found to be’ 


h, = 0.630 ff 
h,= *4eff 
or 
h,= anegative root Clearly it is not possible (physically) 
fo have h,<O Thus, h, = 0.6304 or 
h, = 448 tf 
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3.102 Water flows in a rectangular channel that is 2.0 m wide as 
shown in Fig. P3.102,The upstream depth is 70 mm. The water 
surtace rises 40) nm as it passes over a portion where the chan- 


nel bottom rises 1() mm. If viscous effects are negligible, what is 
the flowrate? 


FIGURE P3./02 


where ~,=0, f,=0, 2,=0.07M, (i) 
and 2,=2(0,01 +0./0)m = 0.!1m 


Also , AM=AV 


or 


. an an 0,07mM = 
Va FAM = ao Ve = 07% 


Thos, Ea, () becomes 


[ 1-0.77]V2=2(4.81 S) (0. -0.07)m or V=l24¥2 
Hence, 


Ss 


3 
Q=A,V, = (0.07m)(2.0m) (1.242) = 0.17% 2 
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P3.103 with negligible viscous losses. The up- 


Water flows up the ramp shown in Fig. 


stream depth and velocity are maintained at h, hy = 0.3m 


= 0.3 m and V, 


downstream depth, #;, as a function of the ramp 


height, H, for0 = H = 2 m. Note that for each 
value of H there are three solutions, not all of , 
which are realistic. FIGURE P3.103 


Ar Wea, = Br Ke 
Also, AV = Aa Vy SO that 


m 
Vp = oh y= = = — where h,~m 


Thos, Eg.(1) becomes 


and 22 = Hthy 


pe +0.am = Gr Cia) 4 iy or with VY = ae 


(62) cere tic =e. in = 48 V me 
which can he written as: 
h; -— (2.135 -H)hy +0165) =O 


For O<H<2m solve £q.(2) for h, 


Rather than solving a cubic equation for hz (give H), one 


can directly solve for H (given hz). From £9. (2): 
Peta dags}.| ~<a, 


hy 


H 


2 
+2, where p70, f2=0, Z, = 0.3m, 


A graph of £9, (2) or (4) ig given on the following page. 


(con't) 
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ss V> 


= 6 m/s. Plot a graph of the (1) 
> i yy, =60s—> 7 ; 
: : % 


(1) 


(2) 


(3) 


(con't) 


The results of an EXCEL Program to calculate H for given values of h, are shown below. 


ho, m H,m 

0.3 0.001 Water Depth vs Elevation Change 
0.4 0.703 

0.5 0.975 

0.6 1.076 

0.7 1.098 

0.8 1.077 

0.9 1.031 

1.0 0.970 

ae 0.899 

Ned 0.820 

alec 0.737 

1.4 0.651 

135 0.562 

1.6 0.471 & 
at 0.378 3 
1.8 0.284 

1.9 0.189 

2.0 0.094 

Dal -0.002 

ee eee 


For H21,098 m there are no real, positive roots of Eg. (2). 
That is, for the given upsiream conditions (V,=6% and h,= 0.3m) 
we must have H< |.099m. It would not be possible to have 
the flow go up a ramp of greater height than this without 
increasing esther V, and/or h,. The two possible water depths 
for a given H are plotted above. 
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3.105 A Venturi meter with a minimum diameter of 3 in. is to be 
used to measure the flowrate of water through a 4-in.-diameter 
pipe. Determine the pressure difference indicated by the pressure 
gage attached to the flow meter if the flowrate is 0.5 ft?/s and vis- 
cous effects are negligible. 


b, =3in, 
D =4in 


=A 2 (f)- fs) h ee 
Bees cgay Oe Rs” and et 


Thus, since Ay /ty = (D./1), 


iP 2 3 4.) 
0.5 oes Sn 
% % (7a ) (1,94 ss) |- (3in. /#iny* | 


= 68.9 2 .69.0(t) Aa. $8.9 a 


gt 
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pa = 550 kPa 


3.106 Determine the flowrate through the Venturi meter shown 
in Fig. P3.106 if ideal conditions exist. 


FIGURE P3.106 


where 3,=Z2 and AV, =AaVy 


or 


(735 -ss0)kPa | 
2(98154) (9,7 HX) 
2 RTE eT 


_ /9 mm [ 


3/ mm 


Q=AM= FL =F (0.0mm) (2152) = 6.J0x/0° 
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3.107 For what flowrate through the Venturi meter of Prob. 
3.}06will cavitation begin if p, = 275 kPa gage, atmospheric 


pressure is 101 kPa (abs), and the vapor pressure is 3.6 kPa Pe 
(abs)? 


y= 9.1 kNim37 


where 2,= 22 , p= 3-6 babs 
and 7H =(275+/0/)k Pa(abs) 
Thus, with A, y =f, V, = 376 kPa labs) 


or 


Dy; 
V=(22) Ep lt) becomes 
(376-3.6 kPa 


2(9.812) GT kin 3 


19 mmr \* 
| > 3/ 9m 


Thus, 


2 - 3) 
Q= Aaa = FOU = (0.077 my (30.6 #) = 8.8 x10°F 
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An Or 

3.108 What diameter orifice hole, d, is needed if under ideal 

conditions the flowrate through the orifice meter of Fig. P3.108is ) | 

to be 30) gal/min of seawater with p, — p, = 2.37 lb/in?? The op 2-in. 
contraction coefficient is assumed to be 0.63. a eter 


FIGURE P3.108 


pa Ye SR We @) 
Rage tZ, “-“F tag t2, Where Z,=Z2 , C,= 0.63, 


With and p-f, =2.37 psi 


n\ (231 in: 
q =(30 $41)( on \(724 "(ft .) =0,066a and = 64.0 te 
it follows that 43 
= & 0.0668 = 
! 


yee er Soe J 
“ % (By? 
Thus, Eg) ne 


oe ral ft)" 2,37 x/44 te) 
y? +29(L te =4/(3.062 ) +2(32. 2 ft aac se 
Wn 18.8 


Thus, since 


Q=A, Vy =6,¢d°b it follows that 


25% 
GFA gx 0.0668 

= | eee | 2 0,0847 ff = J, } 
d aa 7G Ve} 7 (0,63) (18.84) on oe. 
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‘ 1) 5 SE 
3.109 Water flows over a weir plate (see Video V10.13)which 1 Fa -Ormsy 


Se 
has a parabolic opening as shown in Fig. P3,10%.That is, the | #1 2y— | 
p pening g r ae h 


Opening in the weir plate has a width CH”, where C is a con- , 4” — 
Stant, Determine the functional dependence of the flowrate on ‘a 
the head, Q = Q(H). Z=0 


Q= (u dA where u is a tonction of h. 
That is, from A+ fe +z, = fe + 2% +Z2 with i =H-Z y=u 
: fe 20 (‘Sree jet’) 
and 2,=H-h 


or 2 ur 
(H-2,) oF +Z,=O+ 2g + (H-h) 
Thus, 
“= J2gh+V, x J2gh it Yes “small” 
Also 
dh=C V2 dz (¢.e. dNz0dz for ¥=0. dA=CVH for 224) so Hat 


Q= (Rg th cl# 42 where h=H-2. 
zo H 
Thus, Q= cllzg | YeH-z" dz where 
H id z-H 
[Vets 2]le-£) fae +( 4) sin [2-4 / cal] 
0 


z70 


which reduces to: 

Q= Ze ize HW" That is Q~H* 
Alternatively, Q= VA where the average yelocity is proportional 
to V# (i.e. V~W2gH ) and the total flow area is proportional 

to H*® (ce. A~ Hx (CHE) = CH), Thus 

Q~ Vag (CH) = cVag H” 


That is, Q~H” as obtained above. 
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3.110 A weir (see Video V10.13)of trapezoidal cross section 
is used to measure the flowrate in a channel as shown in Fig. 


P3.110 If the flowrate is Qg when H = €/2, what flowrate is ex- 
pected when H = €? 


FIGURE P3.110 
Q=AV where it is expected that Vis a function of the head iH. 
That is, V~ j2g4 


Also, from the geometry A=3xH(LtL,) where B= h+24 tan 
Thus, Az #(L + H tan 30°) so that 


Q=C Jeg (p+ H tan 30°) H where C, is a constant 
Let Q, = flowrate when H= £ 
and Wy = flowrate when H=2£ 
Thus, y % 
Q . G29 (L+ $ tan30°) (2) _ (1+ ¢tan30’) 7 
Qo CV2g (2 % i) tan 30°) (2)°2 ¥ (1+ tan 30°) (7°4) = eee 


or 


Q,= 3-45 % 


Sell 


3.1! The flowrate in a water channel isssome- 
times determined by use of a device called a Ven- 
turi flume. As shown in Fig. P3.141, this.device 
consists simply of a hump on the bottom of the 
channel. If the water surface dips a distance of 
0.07 m for the conditions shown, what is the 
flowrate per width of the channel? Assume 
the velocity is uniform and viscous effects are 


negligible. 
fie Mog, =f 
Alse, AV = Az Vs. 


fe 12m Vy 
Me 1° ~ (1.2-0.07-0.2)m 
Thos, (nl Eg. ti): 
SE 
2g 


Hence, 


Am 
$2, 2-242 
/ 29 2 


FIGURE P3.11 


. ()) 
with fr =?, fa*?, 2Z,=/2M, 


and 2, = 12m-0.07m = /.13m 


= /,29//, 


or f(.29y-1] U* = 2(¢.91-%) (1.2-1.13)m 
or 4 =1¥382 


a 
g= hV, =(. 438 3) (1.2m) =/.73 2 


3712 


3.112 Water flows under the inclined sluice gate shown in 
Fig. P3.12 Determine the flowrate if the gate is 8 ft wide. 


rc 
1.6 ft 

{ 
P3.12 


where ~,=0, f°, 2 = 6f1, 
and 222 /ft 


2 
ge +H 
But A, =A: Ve , or 
a= Vi = Fall = 6) 
Hence, Eg. U) becomes 


ZW 
got = OW ie 
29g 


4 
or Hf 
[67-1]? =2(32.28 (6-H 9 y =3,038 


Hence, ; 
Q=A,V, = bt (8 ft) (3.03 ft) = sas 
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3.113 | —— 


Q=022 
3.113. Water flows in a vertical pipe of 0.15-m 

diameter at a rate of 0.2 m*/s and a pressure of 

200 kPa at an elevation of 25 m. Determine the 

velocity head and pressure head at elevations of 


Z,=S5m| ° | (2) 
20 and 55 m. 
: 52 a D=0.15M 
27S 
ieee oe ee 
4 Z=25m | «| (1) 
200kPa 
At point (0): ve Z, = 20m | + | (0) 
Ye aes 
ccmastmmes = 3 Mm 
39 24.81% si 
an a 2 
eo , Vo eee, 0. #1 as 
x = g ae y "2g + 2, or = ro +Z, Z» 
“: 200 58 
i m> = _ 
5 * “F50 ka + (25-20)m = 25.4m 
m 


Similarly at point (2): 
Ve. 
2g 2g = 6,5/mM 


and 2 
Be ten = Be Lez, or B= +2, -22 
kN 
fa 200 ma 
= ——Z- + (25-S5)m = — 9,59 
y 7.80 4f ( dm = ee? ay 


i 


Blt 


3.144% Draw the energy line and the hydraulic grade line for the 
flow shown in Problem 3, 


BFIGUAE P3.76 


For inviscid flow with no pumps or turbines, the energy line ts horizontal 
ai the elevation of the free surface of the tank. The hydravlic gfade 
line is one velocity head, V’/2g, below the energy line. Since 

Vy = 29(Z-%) if follows that the hydravlic grade ling is 

Vy'/og = (2,- Zu) = 5 Tt below the free sortace atthe exit of 

the pipe. Also since the pipe is a constant diameter, thé velocity 

is constant throvght the pipe. Hence, the hydravlic grade line is 
horizontal, St below the tree surtace. Mote thaf since the 

pipe is above the hydravlic grade line, the pressure throuyhovt 

the pipe is less than atmos pherrc. 


Energy line 


2 


Me 
*3 


Hydravlic =e» 
grade line 


Bans 


3.145 Draw the energy line and the hydraulic grade line for the 
tlow of Problem 3.7.5 


FIGURE P3.75 


For inviscid flow with no pumps or turbynes, the energy lime 


is horizontal a distance 4 above the outlet . From Froblem 3.75 
we obtain h=1.79 #. 


2 
The hydravlic grade line is o below the energy line, starting 
at the free surface a K%=0 and ending at the pipe anil 
where #,=0 and pe 2g Veh. Af point (1) the pene head 


is pie = (2.88-/45) 2 (Fa oem) 162.4, = - 26.8 ty 
and zZ, =O. 


2 
In the 4a, pipe Vy = Aa Vata =(-G) Vy so tal 
ad Cen ae ey ; 
Ze =(2) oe =(-G)h=(G) 0.70) = 0.002 4 
The corresponding EL and H6L are drawn to scale below. 


pipe centerline? | 


' 
' 
| 
t 
' 
' 
{ 


Hydraulic Grade —> 
Line (HGL) 


' 
| 
! 
i} 
! 
| 
' 
| 
! 
| 
' 
! 
1 
! 
! 
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3.116 Draw the energy line and hydraulic grade line for the flow 
shown in Problem 3.64. 


@ FIGURE P3.64 


For steady, inviscid flow with no pumps or turbines the energy line 

js horizontal, a distance of h+4tt = Lait +4ft 5.3! t above the 

outlet. (See solvtion to problem 3.64 for values of h, fa, Vo, and fs, V;.) 

The hydraulic grade line is one Velocity head, V'/ag, below the energy 

line. 

Thus, with V /2¢-9, Va'/ag = (41.78) /(2 (32.2 By) = 27,0/4 
and 29 =(18,5 BY (2 (32.2 £)) 25,31 ft 


the following EL and H6L are objained: 


Energ y Line (EL) 


os Hydraulic Grade Line (HGL) 


| 
fe 21931 


Note: Fe = -/44¢-be, / (82.4 b>») = 23.4 
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3.118 Pressure Distribution between Two Circular Plates 


Objective: According to the Bernoulli equation, a change in velocity can cause a change 
in pressure. Also, for an incompressible flow, a change in flow area causes a change in ve- 
locity. The purpose of this experiment is to determine the pressure distribution caused by air 
flowing radially outward in the gap between two closely spaced flat plates as shown in 
Fig. P3.116. 


Equipment: Air supply with a flow meter; two circular flat plates with static pressure 
taps at various radial locations from the center of the plates; spacers to maintain a gap of 
height b between the plates; manometer; barometer; thermometer. 


Experimental Procedure: Measure the radius, R, of the plates and the gap width, b, 
between them. Adjust the air supply to provide the desired, constant flowrate, Q, through the 
inlet pipe and the gap between the flat plates. Attach the manometer to the static pressure 
tap located a radial distance r from the center of the plates and record the manometer read- 
ing, h. Repeat the pressure measurements (for the same Q) at different radial locations. Record 
the barometer reading, H,,,,, in inches of mercury and the air temperature, 7, so that the air 
density can be calculated by use of the perfect gas law. 


Calculations: Use the manometer readings to obtain the experimentally determined pres- 
sure distribution, p = p(r), within the gap. That is, p = —y,,h, where y,, is the specific 
weight of the manometer fluid. Also use the Bernoulli equation (p/y + V?/2g = constant) 
and the continuity equation (AV = constant, where A = 2zrrb) to determine the theoretical 
pressure distribution within the gap between the plates. Note that the flow at the edge of the 
plates (r = R) is a free jet (p = (). Also note that an increase in r causes an increase in A, 
a decrease in V, and an increase inp. 


Graph: Plot the experimentally measured pressure head, p/y, in feet of air as ordinates 
and radial location, r, as abscissas. 


Results: On the same graph, plot the theoretical pressure head distribution as a function 
of radial location. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Circular plates 


to ® FIGURE P3.t18 


(con't) 
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Solution for Problem 3.118 Pressure Distribuition between Two Circular Plates 


Q, ft*3/s R, in. 


0.879 


5.0 


h, in. 
-9.05 
-6.02 
-2.02 
-0.96 
-0.48 
-0.24 
-0.13 
-0.03 
-0.01 
0.00 


P = Patm/RT where 
Patm = YHgHatm = 847 Ib/ft*3*(29.09/12ft) = 2053 Ib/ft*2 


R = 1716 ft lb/slug deg R 
T = 83 + 460 = 543 degR 


b, in. Ham. in. Hg T,degF 
02125 29.09 83 


Experiment 
p/y, ft 
-663.75 
-441.52 
-148.15 
-70.41 
-35.20 
-17.60 
-9.53 
-2.20 
-0.73 
0.00 


Yuro, Ib/ft*3 


Theory 
V, ft/s 
220.8 
1641.2 
107.4 
80.6 
645 
53.7 
46.0 
40.3 
35.8 
322 


Thus, p = 0.00220 slug/ft*3 and y = p*g = 0.00220*32.2 = 0.0709 |b/ft*3 


DIY = Yu20"h/y 


V = Qi/(2itrb) = 0.879 ft*s/(2*3.1415*(0.125/12)ft*r) 


62.4 


p/y, ft 
-740.7 
-387.2 
-163.1 
-847 
-48.4 
-28.7 
-16.8 
-9.1 
-3.8 
0.0 


ply, ft 


Problem 3.118 


Pressure Head, p/y, vs Radial Position, r 


-200 


-400 


-600 


-800 


> Experimental | 
—— Theoretical 


3.119 Calibration of a Nozzle Flow Meter 


Objective: As shown in Section 3.6.3 of the text, the volumetric flowrate, Q, of a given 
fluid through a nozzle flow meter is proportional to the square root of the pressure drop 
across the meter. Thus, Q = Kh'’?, where K is the meter calibration constant and A is the 
manometer reading that measures the pressure drop across the meter (see Fig. P3.119). The 
purpose of this experiment is to determine the value of K for a given nozzle flow meter. 


Equipment: Pipe with a nozzle flow meter; variable speed fan; exit nozzle to produce a 
uniform jet of air; Pitot static tube; manometers; barometer; thermometer. 


Experimental Procedure: Adjust the fan speed control to give the desired flowrate, Q. 
Record the flow meter manometer reading, A, and the Pitot tube manometer reading, H. Re- 
peat the measurements for various fan settings (i.e., flowrates). Record the nozzle exit di- 
ameter, d. Record the barometer reading, H,,, 1n inches of mercury and the air temperature, 
T, so that the air density can be calculated from the perfect gal law. 


Calculations: For each fan setting determnine the flowrate, Q@ = VA, where V and A are 
the air velocity at the exit and the nozzle exit area, respectively. The velocity, V, can be de- 
termined by using the Bernoulli equation and the Pitot tube manometer data, H (see Equa- 
tion 3.16). 


Graph: Plot flowrate, Q, as ordinates and flow meter manometer reading, A, as abscissas 
on a log-log graph. Draw the best-fit straight line with a slope of 4 through the data. 


Results: Use your data to determine the calibration constant, K, in the flow meter equa- 
tion Q = Kh, 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Flow meter Pitot tube 
maometer 1 manometer 


Pitot static 
tube 


Ky BS Exit area =A 


Nozzle flow Exit : aid 
meter oie @ FIGURE P3.119 


(con't) 
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Solution for Problem 3.119: Calibration of a Nozzle Flow Meter 


d, in. Ham, in. Hg T, deg F 


1.169 29.01 1S 
h, in. H, in. Ap, lb/ft*2 V, ft/s Q, ft*3/s 
11.6 5.6 29.1 162 1.20 
‘ies 5.4 28.1 159 1.18 
10.7 5.2 27.0 156 116 
10.1 4.9 25.5 151 113 
9.6 47 24.4 148 1.10 
8.8 4.3 22.4 142 1.06 
7.9 3.9 20.3 135 1.00 
thee 3.6 18.7 130 0.97 
6.1 Sel 16.1 120 0.90 
5.4 Dells 14.0 2 0.84 
45 2.3 12.0 104 0.77 
3.8 2.0 10.4 97 0.72 
2.9 1.5 7.8 84 0.62 
23 de 5.7 72 0.53 
1.0 0.6 3.1 53 0.39 


P = Patw/RT where 
Patm = YHg”Hatm = 847 Ib/ft*3*(29.01/12 ft) = 2048 Ib/ft*2 


R = 1716 ft lb/slug deg R 
T = 75 + 460 = 535 deg R 
Thus, p = 0.00223 slug/ft*3 
V= (2*Ap/p)"” 
Q = AV where 
A = nd7/4 = 1¢*(1.169/12 ft)42/4 = 7.45E-3 ft2 


From the graph, Q = Kh”? = 0.358 h"” where Q is in ft?/s and h is in in. 


Thus, K = 0.358 ft°/(s*in.") 


(con?) 
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Problem 3.119 
Flow Rate, Q, vs Manometer Reading, h 


@ Experimental 


The best fit equation 
with a slope of 0.5 is 
Q =0.358h°° 
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3,120 Pressure Distribution in a Two-Dimensional Channel 


Objective: According to the Bernoulli equation, a change in velocity can cause a change 
in pressure. Also, for an incompressible flow, a change in flow area causes a change in ve- 
locity. The purpose of this experiment is to determine the pressure distribution caused by air 
flowing within a two-dimensional, variable area channel as shown in Fig. P3.120. 


Equipment: Airsupply witha flow meter; two-dimensional channel with one curved side 
and one flat side; static pressure taps at various locations along both walls of the channel; 
ruler; manometer; barometer; thermometer. 


Experimental Procedure: Measure the constant width, b, of the channel and the chan- 
nel height, y, as a function of distance, x, along the channel. Adjust the air supply to provide 
the desired, constant flowrate, Q, through the channel. Attach the manometer to the static 
pressure tap located a distance, x, from the origin and record the manometer reading, h. Re- 
peat the pressure measurements (for the same Q) at various locations on both the flat and 
the curved sides of the channel. Record the barometer reading, Hm, in inches of mercury 
and the air temperature, 7, so that the air density can be calculated by use of the perfect gas 
law. 


Calculations: Use the manometerreadings, h, to calculate the pressure within the channel, 
P = Ymh, where y,,, is the specific weight of the manometer fluid, Convert this pressure into 
the pressure head, p/y, where y = gp is the specific weight of air. Also use the Bernoulli 
equation (p/y + V?/2g = constant) and the continuity equation (AV = Q, where A = yb) 
to determine the theoretical pressure distribution within the channel. Note that the air leaves 
the end of the channel (x = L) as a free jet (p = 0). 


Graph: Plot the experimentally determined pressure head, p/‘y, as ordinates and the dis- 
tance along the channel, x, as abscissas. There will be two curves—one for the curved side 
of the channel and another for the flat side. 


Results: On the same graph, plot the theoretical pressure distribution within the channel. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Static pressure taps 


@ FIGURE P3.120 
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Solution for Problem 3.120: Pressure Distribution in a Two-Dimensional Channel 


b, in. 
2.0 


0.75 
2.50 
4.00 
4.63 
5.38 
8.14 
10.75 
13.25 
15.78 
21509) 


P = Pam/RT where 


ply = yH20"h/y 


Theoretical: 


40 


ply, ft 


Q, ft*3/S Hatm. in. Hg = T, deg F Ein 
132 28.96 Thal 21.75 
Experimental Theory 
y, in. h, in. Lavethals p/y, ft p/y, ft p/y, ft 
flat side curved side flat side curved side 
2.00 0.28 0.31 20.2 223 0.0 
2.00 0.21 0.37 15.1 26.6 0.0 
1.28 -0.42 0.03 -30.2 238 -50.5 
1.05 -0.77 -1.63 -§6:5 -117.4 -92.2 
1.05 -1.01 -1.05 -72.7 -75.6 -92.2 
1.29 -0.63 -0.62 -45.4 -44.7 -49.2 
1.54 -0.32 -0.31 -23.0 -22.3 -24.1 
ilerare -0.15 -0.15 -10.8 -10.8 -9.7 
2.00 -0.05 0.00 -3.6 0.0 0.0 
2.00 0.00 0.00 0.0 0.0 0.0 
Patm = YHgtHatm = 847 Ib/ft*3*(28.96/12 ft) = 2044 Ib/ft*2 
R= 1716 ft lb/slug deg R 
T=71 +460 = 531 degR 
Thus, p = 0.00224 slug/ft*3 and y = p*g = 0.00224 slug/ft*3*(32.2 ft/s*2) = 0.0722 Ib/ft*3 
p/y = Vexi/2g - V?/2g where 
V = Q/A= Q/(b*y) and 
Vexi, = Q/Aexit = (1.32 ft*3/s/)*(2 *2 /144 ft*2) = 47.5 ft/s 
Problem 3.120 
Pressure Head, p/y, vs Distance, x 
--8 
— alt Z) 
\ 
—<— a — 
\ —— 
\ : alt : 
ma —— 
| 
Z 
, = 
ro _ 
ly —@— Experimental, flat side | 
a — 4§— Experimental, curved side 
——-—— Theoretical | 
= a! } 
0) 3) 10 15 20 25 


3.12! Sluice Gate Flowrate 


Objective: The flowrate of water under a sluice gate as shown in Fig. P3.12( is a func- 
tion of the water depths upstream and downstream of the gate. The purpose of this experi- 
ment is to compare the theoretical flowrate with the experimentally determined flowrate. 


Equipment: Flow channel with pump and control valve to provide the desired flowrate 
in the channel; sluice gate; point gage to measure water depth; float; stop watch. 


Experimental Procedure: Adjust the vertical position of the sluice gate so that the 
bottom of the gate is the desired distance, a, above the channel bottom. Measure the width, 
b, of the channel (which is equal to the width of the gate). Turn on the pump and adjust the 
control valve to produce the desired water depth upstream of the sluice gate. Insert a float 
into the water upstream of the gate and measure the water velocity, V,, by recording the time, 
t, it takes the float to travel a distance L. That is, V, = L/t. Use a point gage to measure the 
water depth, z;, upstream of the gate. Adjust the control valve to produce various water depths 
upstream of the gate and repeat the measurements. 


Calculations: For each water depth used, determine the flowrate, Q, under the sluice gate 
by using the continuity equation @ = A,V, = 6z,V;. Use the Bernoulli and continuity equa- 
tions to determine the theoretical flowrate under the sluice gate (see Equation 3.21). For these 
calculations assume that the water depth downstream of the gate, 22, remains at 61% of the 
distance between the channel bottom and the bottom of the gate. That is, z, = 0.6la. 


Graph: Plot the experimentally determined flowrate, Q, as ordinates and the water depth, 
2}, upstream of the gate as abscissas. 


Results: On the same graph, plot the theoretical flowrate as a function of water depth up- 
stream of the gate. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


@ FIGURE P3.12) 
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Solution for problem 3.121: Sluice Gate Flowrate 


a, in. b, in. L, ft 
V2 6.0 4.0 
Experimental 
25) ft t,s V,, ft/s  Q, ft43/s 
0.183 4.2 0.952 0.087 
0.267 5.0 0.800 0.107 
0.343 52 0.769 0.132 
0.453 6.2 0.645 0.146 
0.569 6.4 0.625 0.178 
0.725 7.0 0.571 0.207 
0.877 86 0.465 0.204 
Experimental: 
V,=Lit 
Q=V,bz, 
Theoretical: 
Q = b*z,°7*(2*g)"*[((24/Z2) - 11 = (Zal2s) 
where 
Z, =0.61*a 
i Problem 3.121 


Flow Rate, Q, vs Depth, z, 


1.00 


22, ft 
0.061 


Theoretical 
Q, ft*3/s 
0.091 
0.114 
0.132 
0.155 
0.175 
0.200 
0.222 


¢ Experimental | 
—MNescrstiest | 


0.01 


4.4 The x- and y-components of a velocity field are given by 
u = —(V)/€) xandv = —(V)/€) y, where Vo and @ are constants. 
Make a sketch of the velocity field in the first quadrant 
(x > 0, y > 0) by drawing arrows representing the fluid velocity 
at representative locations. 


U=-(V/h)x and wv =-(K/2)y so that 

Y= Vaa = (DYER =U IIR 

Thus, with r= Vx*ty* = radial distance from the ongin, 
V=(K/A)r 

Hence, V= V4 onr=h. V22Y onr=28. Vez, onrezd, etc. 

Also, the direction of the thid motion relative to the x axis cs 

8 = arctan (W/u) or 


tan 6 -o 2 -(Vo/b) y ws 


_ 
rons 


-(Vo /h)X x P 
Thus, on the X axis (y=0) fan@=0 or 8-0 or 180° (180 for x>0) 


and onthe y axis (x=0), tan O=te or O = 90° on 270° (270° for y >9) 

The Velocity field looks as shown below. In the [$‘quqdrand, both 
x>0and y>0 so that both 
U<9 andy <0. 


4.5 A two-dimensional velocity field is given by uv = 1 + y and 
v = 1. Determine the equation of the streamline that passes 
through the origin. On a graph, plot this streamline. 


u=Il+y and =! so the streamlines are given by 
! 


- — 
= 


Ity 


((14y) dy = (dx or 
ytzy* =X+C_ where C is a constant, 


For the streamline that goes through xzy=0, C=O. 
Hence, 


x =. a 


This streamline 1s plotted below, Note thal since 1 =! >0, the 


direction of flow is as shown. 


4.6 The velocity field of a flow is given by V= 
(Sz — 3)i + (x + 4)j + 4yk ft/s, where x, y, and z are in feet. 


Determine the fluid speed at the origin (x = y = z = 0) andon 
the x axis (y = z = 0). 


bebe -2 praxis, wavy 


Thus, at the origin U=-3, V=4%, W=O 
so that 


Vayu? tart tar® 2 f(-3)*+4% = SIS 


Similarly, on the X ax/s U= ee a Xt r= 
so that 


Ve uttu*iw = (3)? 40004)” = [x74 8x 425 HA where x~ Ft 


4.7 A flow can be visualized by plotting the velocity 
field as velocity vectors at representative locations in the 
flow as shown in Video V4.2and Fig. E4,3. Consider the 
velocity field given in polar coordinates by v, = —10/r 
and v, = 10/r. This flow approximates a fluid swirling into 
a sink as shown in Fig. P4.7 Plot the velocity field at 


locations given by r = I, 2, and 3 with @ = O, 30, 60, and 
90 deg. 


With NW; =-10/r and Ng snare dian 
V= yng? +5" = (-10/r)? of (10/r.)? = malas 


The angle & between the radial direction and 
the velocity vector is given by 

. We, . Mr. 
tan K = sae ean =/ 
Thus, X= #5° tor any r, 


¢.e. the velocity vector is alway oriented #5° relative to radial lines) 
3 


6 =60 
Note: V ts 

independent 
of 8, 


V=7.07 atre2 


9 =0 
V=/4./4 atr=] V=47/atr=3 


YU 


4.8 The velocity | field of a flow is given by What is the angle between the velocity vector and 
V =20v/(x7 + y?)!i -— 20x/(x? + y? Oe ce the x axis at points (x, y) = (5, 0). (5, 5), and 
where x and y are in feet. Determine the fluid (0,5)? 

speed at points along the x axis; along the y axis. 


= 20 Y — 20x 
(x? + y2)% J (x? + y3)% y2)% 


Thus, V=yu?+v? 


400x* +#00 
ie [seexs steer oe = 202 far any X,Y 


20y 
(x+y?) %. 


Thus, for (k,y)=(5,0) 
tan@=-00 or 0 = -90° 


for (%y) =(S,5) 
tan =~) or O=-45° 


for (X,y)=(0,5) 
tanO=0 or 6= 0" 


4.9 The components of a velocity field are given by u = x + y, 
v = xy) + 16, and w = O. Determine the location of any stag- 
nation points (V = 0) in the flow field. 


Va Yurtp*tur® =V(x4y) +xy*4/6)* <0 


or 

“= X+y=0 So that | ae 

and 

yr = xy +16 =0 so that xy =-lb 


Hence, (-y)y°=-/6, or y=2 
Therefore, V=O at X=-2 y=2 
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4,J9 The x and y components of velocity for 
a two-dimensional flow are vu = 6y ft/s and v = 
3 ft/s. where y is in feet. Determine the equation 
for the streamlines and sketch representative 
Streamlines in the upper half_plane. 


“=6y ,y=3 where streamlines are obtained from 


dy pe + 2 ia or 2 yy = dy which can be integrated to give 


y =x +C , where C is a constant. 


Representative streamlines corresponding to different valves of 
Care shown below. 


-6 -S5 - -3 -2 =] O ! 2 3 4 5 


Note that for y>0 , u>0 (¢.e, the flow is from left to right ) 


4.11 Show that the streamlines fora flow whose | 
velocity components are u = c(x? — y*) andu =, 
—2cxy, where c is a constant, are given by the 
equation x*y — y*/3 = constant. At which point 
(points) is the flow parallel to the y axis? At which 
point (points) is the fluid stationary? 


U=C(x*-y*) , y=-2exy 
Streamlines given by y=f(x) are such that wt 2a 
Consider the function x*y- 4 =const (1) 
Note: H is not easy to write this explicitly as yt) 
However, we can ditterentiate Eg, ll) to give 

2yydx +x*dy -y"dy =O | or 

(x*-y*)dy +2xy dx=0 
Thus, the lines in the x-y plane given by Fg.) have a slope 


Pes dy _ -2¢xX 
a4 re ae or tor any constant C, oa = See 


3 ——_——— 
de. the function X*y -X =const. represents the streamlines 
of the given flow. 


The flow is parallel to the x-axis when 4 <0 ,rv=0. 
This occurs when either K=O op y=0 


= 
~ 


, 48, the X-axis or 
the y-axis 


The flow is parallel to the y-axis when Yo 
This occurs when X= y 


/ 


The flvid has zero velocity at x=y =O 


412 


4.12A velocity field is given by V = xi + x(x — 1)(y + 1)j, 
where wu and v are in ft/s and x and y are in feet. Plot the stream- 
line that passes through x = O and y = 0. Compare this stream- 
line with the streakline through the origin. 


“=X , veXxlx-Iyth where the streamlines are obtained 
from 

dy _Vve X(x-N (yt) _ vy 

ea + A = adi 


. G45 = (0 dx which when integrated gives 


In (yt) =Z$Xx*-X +C : where C is a constant (1) 


For the streamline that passes through the origin X=y=0 the 
valve of Cis found fromEg.l as 
In(th=C , or C=0 bx» 


Thus, In(yt)=2x°-x or y=e J 


This streamline is plotied below. 


ra 


Note: The streamline is symmetrical about its low point 
of X=/, y=~-0.393, At x=y=0 the velocity is O. 


For X<O, U<0 and for X>0, U>0. Thus the tlid 
flows from the origin (x=y=0), 


Since the flow is steady, streaklines are the same as streamlmes. 


4 -Q 


4,13 


4.13 From times = 0 to? = 5 hr radioactive The following wind conditions are expected: 
steam is released from a nuclear power plant ac- V = 10i ~ 5j mph for 0 <¢ <3 br, V = 
cident located at x = —1 mile and y = 3 miles. 151 + 8j mph for 3 <¢ < 10 hr, and V = 


51 mph for ¢> 10 hr. Draw to scale the expected 
streakline of the steam for ¢ = 3, 10, and 15 hr. 


For O<t<3hr , = lOmph and y=~-S5mph 
For 3<t</0hr, “=/5 mph and v= 8 mph 
For t>/0hr , U“=S mph and V=0 


The streakline is the location (at timet) of steam released 
earlier. 


a) At t=3hr steam ts still being released. From t=0 to t<2hr 


it has traveled in the direction a 2 F- Zz =-0.5 and the 


first of the steam is at xX =-\mi+(lOmh) (Shr) = 29m 


d y= bok Jeger ee 
See figure below, and y= 3mit(-Smph)(shr)=-/2mr a ” 


b) At t=S hr steam release stops. From t= 3hr to t= Shr the 


steams travels aX = Wat=(1Smph)(S5-Dhr =30mi “east” 
and ay = vat=(8mph)(S-3)hr = 61 “north” 
See figure below, For £>5hr the streakline does not grow* 
(ce.,no more steamreleased ), it merely maintains tts shape it 
had at £=Ehr ae =v = it «fy = 0) and translates. From 
t= Shr to t=/0hr if moves px = Uat=(Smph)(10-S)hp = 75 mi 
farther “east” and Dy = vot =(8mph)(10-S)hr = ¥0 mi farther ‘north 
See figure below. 


c) For lo<t</she the steam moves x= (Smph)(15-/o)hr = 25 mi east" 


and ay=Vat=Omi “gorth’. 
The above is shown in the figure below. 


y,m 
streakline 60 — (104,59) (129,59) 
at time ee t =/Shr 
indicated (74, 43) (159, ¥#) 
a (99, #3) (34,44) 


pitti), steam al t=5h 
~ ama - is 

a =" 
1. # ~~, (59,4) 
-Zo ¢ ShrZQ 40 60 G0 — 1/00 §20 HO 160 /80 « 
(x, y) =(29,-/2) 


a 
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*4,14- Consider a ball thrown with initial speed Vy at an angle “neem » 

of @ as shown in Fig. P4.)#a.As discussed in beginning physics, 73%! V 

if friction is negligible the path that the ball takes is given by 0 0 ee 

y = (tan 6)x — [g/(2 Vo* cos? 6)]x? 0.25 0.13 ¢ 4 tpg 
. 0.50 0.16 \ 

That is, y = c,x + c,x?, where c, and c, are constants. The path 0.75 0.13 | 

is a parabola. The pathline for a stream of water leaving a small 1.0 0.00 \, 
’ nozzle is shown in Fig. P4.@band Video V4/2.The coordinates 125 —0.20 

for this water stream are given in the following table. (a) Use 1.50 -0.53 

the given data to determine appropriate values for c, and c, in 175 -0.90 

the above equation and, thus, show that these water particles 2.00 ~— 1.43 


also follow a parabolic pathline. (b) Use your values of c, and ““**SOSBAINnmnewne 
Cz to determine the speed of the water, Vo, leaving the nozzle. 


Mm FIGURE P4./4 


An EXCEL Program was vsed to plot the x-y data and 
to fit a secand order curve to the data. The results are shown below 


y vs x for Water Stream 


y = -8.4987x? + 0.7115x 


| 


Thus, with y=GXxX+C,x" if follows that 
C,= 0.7/5 =tan@ or 0 = 35.4" 


and 
5 ees 
2. 2V\,~ cos 
or 
2. 32,2 7 ff 
V, ~ 9(8.¥987) cost(35.F°) ~ hs 


Thus V,= 1.69 # 


4.15 


4.15 The x and y components of a velocity field are given 
by wu = xy and v = —xy*. Determine the equation for the 
streamlines of this flow and compare with those in Example 


4.2. Is the flow in this problem the same as that in Example 
4.2? Explain. 


Streamlines are given by ae — af = a a 
x 
or ay == cs which can be integrated as: 


{% ¥ = -\ & " Thus, Iny =-Iny+€ , where € is 4 constant. 
T hus, xy=c 
Note: These streamlines are the same shape (same “flow pattern) 


as in Example 42 — but the velocity fields are different. 
However, the ratias ti are the same : 


yo. xe 
a = 7 -Z for this problem 


Vv _ (Wf) (+y) 
U (V/2) &*) 


for Example 4.2. 


4-/2 


4.16 A flow in the x-y plane is given by the 
following velocity field: u = 3 and v = 6 m/s for 
0<1< 20s; u = -—4 and v = 0 m/s for 20 < 
t< 40s. Dye is released at the origin (x = p = 
0) for t = 0. (a) Draw the pathline at ¢ = 30s 
for two particles that were released from the or- 
igin—one released at t = 0 and the other released 
at ¢ = 20s. (b) On the same graph draw the 
streamlines at times f = 10s and¢ = 30s. 


(a) For the particle released at {=9 , u=34 and y=6% 
for O<t<20s5. During this time the flow is steady and 
the pathline has a slope $f « + =-> =2 .Alt=0, x=yzo 
and at t=20 , x =(32) (20s) =60m and y =(6#)(20s) = 120m 


For 20<£<30 P u=-¥2 and v= O, So that the flow is steady 

and the pathline has a slope of ge O. The particle moves trom 

x=b0m to x=60tCY¥2)(30-20)s =4+20m, buf heeas the 
=/20m location during 2°<t<30s, This pathline is shown 

in the figure below. 

For the particle released at the origin at £ = 20s if follows 

that w=-4¥ and v=0. Thvs, the corresponding path line 

extends from X=0 to X= (-¥#)(30-20)5 = ~40m git <3os,. 

This pathline is shown in the figure be/ow. 


(b) At t=/os , streamlines are given by oy =pe$=2 


or y=2X+tG,, where C, = const. 
At t= 30s, hen are given by dy = 4 =O 
or y= Ce , where C,=const. These ies are shown below. 


particle at=30s (released at t=0) 
papnling 


streamlines 
ay ey ae ee eee ee ae 


streamlines 
at {=30s i 


- 90 £40 O 40 x,m 
particle at t=30s (released at t= 29s) 


a 
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4.17 In addition to the customary horizontal 
velocity components of the air in the atmosphere 


(the ‘‘wind’’), there often are vertical air currents ee / 

(thermals) caused by buoyant effects due to un- hI 

even heating of the air as indicated in Fig. P4.17. 4 

Assume that the velocity field in a certain region Pe 

is approximated by u = up, Vv = Uo (1 — y/h) for 

O0< y<h, anda = uj, t = 0 fory > h, Plot , 0 am a cae 


the shape of the streamline that passes through 


FIGURE P4.17 
the origin for values of w/v) = 0.5, 1, and 2. 


“CHbe 5 VEG (i-+) for 0<¥<h_ so that streamlines 
for y<h are given by 


dy _ v_ | F r en) An 


Thus, -h In(! ~+) = “ Note: The lower limits of integration 
( x=0, y=) insure that this 
equation is for the streamline 
through the origin. 

This streamline 


x =h (42) In(1- ) is plotted below. 


y/h vs x/h 


——-u0/v0 = 2 
— —u0/v0= 1 
= = = u0/v0 = 0.5 


y/h 


ae ke 


*4.18 Repeat Problem 4.17 using the same in- 
formation except thatu = wy/hforOsysh 
rather than u = uy. Use values of ug/v, = 0, 0.1, 
0.2, 0.4, 0.6, 0.8, and 1.0. 


, V=EVM%(I-¥¢) for o<y<h so that streamlines 
for y<h are given by 


yy “wlte - % ew) or with X=0 when y=0 


n #0 


Ce h-y) dy (a dy This inte grates to give 


-~y -h Inth- en In(h) = “7p x or ‘ =(4 | In 


This streamline is plotted below for O€ ¥ </ with 
w= 0,0.1,0.2,0.4,0.6,0.8, and/.0 The males were 
salevieted anc plotled vsing 4 EXCEL Prograrm. 


Re 


y/h vs x/h 


0, 4% 


4.19 As shown in Video V4.6 and Fig. P4./4, a flying airplane 
produces swirling flow near the end of its wings. In certain cir- 
cumstances this flow can be approximated by the velocity field 
u = ~Ky/(x? + y*) and v = Kx/(x? + y’), where K is a con- 
stant depending on various parameter associated with the air- 
plane (i.e., its weight, speed) and x and y are measured from the 
center of the swirl. (a) Show that for this flow the velocity is 
inversely proportional to the distance from the origin. That is, 
V = K/(x? + y?)?. (b) Show that the streamlines are circles. 


MFIGURE P4.!49 


y 
é Ky) (Kx) _ _K 
(aq) V= yur +a r= | fer, T+ yay +e | = 


or 
V= _ where r = x*+y? 
Kx 
; dy _ mw (x*+#y*) _ x 
(b) Streamlines are given by ra ei = ciara = $ 
Thos, (x*4y*) 


ydy = -xdx which when integrated gives 


4y* = afk OE, , where G, is a constant. 
or 


x’+ y* = Constant 


—————————————— 


4~-/6 


Particle x att = 0s (ft) x at ¢ = 0.002 s (ft) 


l —0.500 —(),480 
4.20) (See Fluids in the News article titled “Follow those parti- 2 —0.250 —(.232 
cles,” Section 4.1.) Two photographs of four particles in a flow past 3 —0.140 —0.128 


a sphere are superposed as shown in Fig. P4,20. The time interval 4 ~0.120 —(.112 
between the photos is At = 0.002 s. The locations Of the Particles, =n 
as determined from the photos, are shown in the table. (a) Deter- 

mine the fluid velocity for these particles. (b) Plot a graph to com- 


y, ft 
pare the results of part (a) with the theoretical velocity which is a 002 s 
given by V = V,(1 + a’/x*), where a is the sphere radius and Vo is a 
the fluid speed far from the sphere. _ = . ae 5 x, ft 


BFIGURE P4.20 


The fluid velocity (which 1s assumed to be the same ac the particle velocity) 
can be estimated by 


V= ax /at 
Thos, for particle (1) : V, = |-o. 480 ft -(-0.s00f4) | /(o.0025) = 10f/ 


During fo 0.0028 time interval the average location of the particle was 
X= [(-0.4e0H) +(-0.5004)] =~ 0.0490 
By similar calculations the following experimental resulls were obtained: 


These experimental results and the 
theoretical results (V=V, (]+ a2?) where 
Vo=104/s and a=0.14#) are plotted iin the 
figure below. 


V, ft/s 


+—;-—— theory a 2+ 


|__| Ml experiment + —_—4— 
| - } + — 6 } 


-0.5 -0.4 -0.3 -0.2 -0.1 0 
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4.21 (See Fluids in the News article titled “Winds on Earth and 
Mars,” Section 4.1.4.) A 10-ft-diameter dust devil that rotates one 
revolution per second travels across the Martian surface (in the x- 
direction) with a speed of 5 ft/s. Plot the pathline etched on the sur- 
face by a fluid particle 10 ft from the center of the dust devil for 
time 0 = t = 3s. The particle position is given by the sum of that 
for a stationary swirl [x = 10 cos(2zt),y = 10 sin(2zrt)] and that 
for a uniform velocity (x = 5t, y = constant), where x and y are in 
feet and ¢ is in seconds. 


The palh line js given by 
X= /0 cos (274) + St 


nd 
ye lo sin (274) , where x~ft, y~ft and t~s 
This path is plotied for O<t<3s below. 


Particle Path 


t=2S t=3s 
a 


| 


x, ft 


a? 


4.22 The x- and y-components of a velocity field are given by 
u = (V)/€)xand v = —(Vo/€) y, where Vo and € are constants. Plot 
the streamlines for this flow and determine the acceleration field. 


Since “= (Vo/k)x and =~(Vo/g)y, the streamlines are 
given by 

d: a ae -(Vo/b) = 

aa" gy 

4 = - 4 which can b6 integrated to give 


(4 =- (a on Iny2-Inx +constant 
y x 


Hence, the streamlines are xy = constant 


y 
Typical streamlines (hyperbolas) “3 eS 
are sketched in the figure to the | NS 


right 


pa VG 


2 ol dh yo 
Dy = 44 ag Ty 


= 0 +(Vo/A)x(/B) +0 =(% YX 
and wwe gf Uae 
hy = aE TUX tM ay 

=-0 +0 +(-(veMb)y)(-Volb) =(/k)y 
Thus, 


G = Axl + ayp = (Vo /) [xi + yf] 


P14 


4,23 


4.23 A velocity field is given by u = cx? and 
v = cy’, where c is a constant. Determine the x 
and y components of the acceleration. At what 
point (points) in the flow field is the acceleration 


Zeno? 
ou t) 
Ox = 3p ty tay 2 (ex")(20k) = 2e*x" 


iS) 
3 
me. 

bo 


a 
NX 
rv 
Ss 
Y 
< 
{ 
N 
Ny 
D 
) 
NS 


= (cy*)(2¢ y) 


Thus, A=ql+a,p=0 at (x,y) =(0,0) 


424 
4.24 Determine the acceleration field for a three-dimensional 
flow with velocity components u = —x, v = 4x7y?, and 
iM = =). 


U=-X npe hy? and w= X-y so that 


Oy = a + us YE sae A+ wy SH 
. t ene + 4x*y? (0) +(x -y)(0) = 


BE oale of l 


ae) abate + (4x7?) (8x7y) +(x-y)(0) 
= is gia = Ox*y*(4x4y-1) 


wd og 
az ue wt Pw Se 
= M + (-x)(1) +(4xy ene 
= -x -Fx7y? 
Thus, 


a 7 Gz) tay} u. az k 
ext + extyt(HxAy-If -(xtHety?)k 
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4.26 The velocity of air in the diverging pipe shown in Fig. P4.26 
is given by V, = 4tft/s and V, = 2¢ft/s, where t is in seconds. (a) 
Determine the local acceleration at points (1) and (2). (b) Is the av- 
erage convective acceleration between these two points negative, V, = 4t this =" 
zero, or positive? Explain. —; ae 


b) convective acceleration along the pipe =u va 
where U>O. At any time, t, y<V. Thos between UW) andla) 


uu a <O or the average convective acceleration 


js negative. 


A-2I 


4.27 Water flows in a pipe so that its velocity 
triples every 20s. At¢ = Oit has u = 5 ft/s. That 


iss V = u(t)hi = 5 (3"°)i ft/s. Determine the 
accleration when ¢ = 0, 10, and 20s. 


since V-0V <0 because Vis nota 
a function of Mg Vg OF ib 
In(3) 5 Z| = 0.275 (3 thoy tt with t~s 
it follows that 


= 0.2750 at t=0 


= 0.4760 af t-l0s 


a= 0.8287 ft at [=20s 


4.28 When a valve is opened, the velocity of water in a 
certain pipe is given by uw = 10(1 — e7'),v = 0, and w = 0, 
where u is in ft/s and ¢ is in seconds. Determine the maximum 
velocity and maximum acceleration of the water. 


Va fu2+y24w* = 10(|-e°*) 50 that 4¢ 2106 >0 for all t 


Thus, Vo = v| = 08 


ee 
Also, a hs sia Dy = at tude z with 
= 0 a 
This, Q* dh = / et so that ay = | = jot 


f= 


p22. 


4.24 The velocity of the water in the pipe 
shown in Fig. P4.29 is given by V, = 0.501 m/s 
and V, = 1.0¢ m/s, where ¢ is in seconds. De- 
termine the local acceleration at points (1) and 
(2). Is the average convective acceleration be- 
tween these two points negative, zero, or posi- 


tive? Explain. FIGURE P4.29 


Since V,>Vy if follows that 4¢>0, Also, V>O so that 


. vi a 
the convective acceleration , Vix , is positive. 
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4.30 A shock wave isa very thin layer (thickness = £) in a high- 
speed (supersonic) gas flow across which the flow properties 
(velocity, density, pressure, etc.) change from state (1) to state 
(2) as shown in Fig. P4.30. If V, = 1800 fps, V. = 700 fps, and 
€ = 107‘ in., estimate the average deceleration of the gas as it 
flows across the shock wave. How many g’s deceleration does 
this represent? 


FIGURE P4.30 


> 


Be aes 1 , = 
ere ee so with V=Uil @-4l aug 


Withovt knowing the actual velocity distribution, u=ucx), the 
acceleration can be approximated as 
7 at oo TH) (G0) (1800+ 700)fps (700 - 1800) fps 
ala” alae st 2 


or 
HW ff thir s ~ 1,65 x10" F. 
Dig inane t ge eae erry a 


2 des 
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4.22 Asavalve is opened, water flows through 
the diffuser shown in Fig. P4.32 at an increasing 
flowrate so that the velocity along the centerline 
is given by V = ui = V,(1 — e-*) (1 — x/l )i, 
where uy, c, and fare constants. Determine the 
acceleration as a function of x and ft. If Vg = 
10 ft/s and € = 5 ft, what value of c (other than 
c = Q) is needed to make the acceleration zero 
for any x at f = 1s? Explain how the acceleration 


can be zero if the flowrate is increasing with time. 


G=24+V.0V With u= 


a=(# rut <a? , 


sr 
ay =V, © 


If a,=0 for any x at t 


[ee ad (jee yl 


-C 2 
ce -2(I-e ~°) =0 


— 
u = Voll - e-*4 


FIGURE P4.32 


u(x,t) , v=0, and w=0 


where “=V, (1-€*)U-F#) 


(- 2) e* +yi-e MI-F)(-f) 
a, = VI Pc e*- (1-8 | 


=1 5 wemust have 


0 With =/0 and £=5 


The solviion (root) of this equation 
js C= 0,470 Z 


For the above conditions the local acceleration ($¢ >0) Is 
precisely balanced by the convective deceleration ( us <0), 


The flowrate increases with time, hut the fluid flows to an 


area of lower velocity. 
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4.33 A fluid flows along the x axis with a velocity given by 
V = (x/t)i, where x is in feet and ¢ in seconds. (a) Plot the 
speed for0 = x = 10 ft and: = 3s. (b) Plot the speed for x = 
7 ft and 2 =1 <4 s. (c) Determine the local and convective 
acceleration. (d) Show that the acceleration of any fluid particle 
in the flow is zero. (e) Explain physically how the velocity of 
a particle in this unsteady flow remains constant throughout its. 
motion. 


(d) For any fluid particle a= 3 +V0V 
which with yv=0 , W=0 becomes 


au 
a =(4F +45x)2 


(e) The particles flow nto areas of higher velocity (see Fig-/), 
but at any given location the velocity is decreasing in time 
(see Frg-2). For the given velocity field the local and 
convective accelerations are equal and opposite, giving 
zero acceleration through ovt. 


| 


| 4.34 A hydraulic jump is a rather sudden change in depth of a 

| liquid layer as it flows in an open channel as shown in Fig. P4.34 
and Video V10).12. In a relatively short distance (thickness = €) 
the liquid depth changes from z, to z,, with a corresponding change 
in velocity from V, to V2. If V, = 1.20 ft/s, V. = 0.30 ft/s, and 
€ = 0,02 ft, estimate the average deceleration of the liquid as it 
flows across the hydraulic jump. How many g’s deceleration does 
this represent? 


mM FIGURE P4.34 


x vi —_> —-_ . —_ oe a du 
Qt AVW so with Veuwl , F-gl aug t 


W th out knowing the actval velocity distribotion , U = U(X) 
the acceleration can be approximated qs 


fii 
0.30~/.20 
= ¢(1.20 +0,30) {0.30~1.20)3 


0.02 17 
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4.35 A fluid particle flowing along a stagnation streamline, as 


shown in Video V4.9 and Fig. P4.35, slows down as it approaches Stagnation point, s= 0 


the stagnation point. Measurements of the dye flow in the video Flutd particle 
indicate that the location of a particle starting on the stagnation V 
streamline a distance s = 0.6 ft upstream of the stagnation point i a 


at t = 0 is given approximately by s = 0.6e~°*, where ¢ is in 
seconds and s is in feet. (a) Determine the speed of a fluid @ FIGURE P4.35 
particle as a function of time, Vpurice(t), aS it flows along the 

steamline. (b) Determine the speed of the fluid as a function of 

position along the streamline, V = V(s). (c) Determine the fluid 

acceleration along the streamline as a function of position, 

as = a,(s). 


ia Wh «060° FF folie Wal 


-0,5t 205 E 
Vacticle = a = 0,6(-05)e°"" =-036° ft/s 


(b) From part (a), 
ye (-0.5)]0.6 ce | where S=0.6€ 


Thus, 
Ve (-0.5)[ 5] , or V=-05S ft where s~ fi 


-0.5¢ 


(€) For steady flw, @=V ay 
Thus, with V=-955 and gy US 


Q, = (-0.5 s)(-0.5) = 0.25 $ fi/s* where s~ ft 
Note: For $79, a is positive— the particles acceleration is to the right. 
Since the particle is moving to the lett, a posrlive a. for this case 


implies that the particle is decelerating (as must be for this 
stagnation point flow). 
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4.36 A nozzle is designed to accelerate the fluid from V, to 
V, in a linear fashion. That is, V = ax + 6, where a and b are 
constants. If the flow is constant with V, = 10 m/s atx, = 0 
and V, = 25 m/s at x, = 1 m, determine the local acceleration, 
the convective acceleration, and the acceleration of the fluid at 
points (1) and (2). 


With u=axtbh , v=0 
can be written as 
G=a,0 where a, =u, 
Since “= V, = af x=0 and u=h=252 af x=! we obtain 
l0= O+6 
25=atb so that a=/5 and b=!0 
That is, h=(15X+10) 2 , where X~M , So that from E9,(1) 


, and w=0 the acceleration @ 


2 


dy = (1Sx+0)-2 (iS z) = @25x+I50) @ 


Note: The Jocal acceleration is zero, *¥=0 , and the 


convective acceleration is U. a @ = (225x150)? 2 


At x=0, @=/500-% ; atx=/m , G=3780-@B 
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4.37 Repeat Problem 4.36 with the assumption that the 
flow is not steady, but at the time when V, = 10 m/s and 
V,= 25m/s, it is known that aV \/dt = 20 m/s? and 
aV;/dt = 60 m/s?. 


With U=U(x,t) , v=0, and w=0 the acceleration a= 
can be written as 
=a, where q,=4 tu tx us , with w= altlx +b), 
At the given time (t-te) u=V,=10% at x=0 and u=,=25% at X=lm 
Thus, 10= 0 + b(t) 
25=alt) thlt,) so that alt.)=/5 and £4.) = 
Also at t=t, y ae = oh 20 a at x=0 


r) Seite ee 


and 4h = - = 60 & 60 ‘53 at X=/m Note: These are local 


accelerations at time b=to 
The convective acceleration at X=0 (E9,(1) is 


ust = (ax +b) (a) =(/5 (0) +10) 415 $)=1s04% 
while at X=/ ite is 
ur = (15U)+0) 2 (5 4) = 3752 


The fluid acceleration at t=to fs 


= (24 44 90) = (204150) & =/700 Stat X=0 


and 
a=(60t375) 0% =495¢4 at xzim 
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4.38 An incompressible fluid flows past a turbine blade as shown 
in Fig. P4.38a and Video V4.9. Far upstream and downstream of 
the blade the velocity is Vp. Measurements show that the velocity of 
the fluid along streamline A-—F near the blade is as indicated in 
Fig. P4.38b. Sketch the streamwise component of acceleration, a,, 
as a function of distance, s, along the streamline. Discuss the im- 
portant characteristics of your result. 


a ar. 
<—_ 
na 


M@ FIGURE P4.38 


a, = vd where from the figure of V=V/s) the func tion 
ge has the following shape. 


The fluid decelerajes trom A to C, accelerates trom € to D and 
the decelerates again trom DtoF. The net acceleration trom 
AtoF is zero (4.0, Y= KV), 
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4.34 Air flows steadily through a variable x (in.) u (ft/s) x (in.) u (ft/s) 
area pipe with a velocityof V = u(x)i ft/s, where “9 4-66 9 &4.90)° 
the approximate measured values of u(x) are given ; 02 3 ii 
in the table. Plot the acceleration as a function 13.0 es 
of x for 0 = x = 12 in. Plot the acceleration if 70.1 19 
the flowrate is increased by a factor of N (i.e., 38 3 103 
the values of u are increased by a factor of N), 58 4 10.0 
for N = 2,4, 10. 95.8 


Since U=Uex) , w=0, and w=0 if follows that a 
simplities to @= a,f where Q =u ord 
The values are given in the table ; the corresponding valves 
of od can be obtained by an approximate numerical differentiation. 
The results are shown below for the given date (i.e. with N<!). 


Note that since a= u 4 jt follows that and increase jn velocity 
from U to Nu increases the acceleration trom a to N* a 


du/dx, 1/s u du/dx 
2.4 24 
18 184 
59.4 Tike 
91.8 1845 
49.8 1409 
-15 -426 
-49.8 -1285 
-50.4 -1013 
-39.6 -689 
-33 -446 
-19.2 -228 
-11.4 -117 
-1.8 -18 
0 0 


aay 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
a 
2 
13 


The results are plotted on the next page. 


Tu? 


du/dx, 1/s 20 
0 


20 9 
Pa 
L 


-60 


2500 - 
2000 - 
1500 - 
1000 - 
a,, fs*2 500 - 
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*4,40 As is indicated in Fig. P4.40, the speed 
of exhaust in a car’s exhaust pipe varies in time | 
and distance because of the periodic nature of the | 
engine’s operation and the damping effect with | 
distance from the engine. Assume that the speed 
is given by V = V,[] + ae’ sin(wr)], where | — V = Voll + ae~5 sin(we)) 
Vo. = 8 fps. a = 0.05. b = 0.2 ft"', and w = 50 
rad/s. ee and plot the fluid acceleration at FIGURE P4.40 
y= 0, 1.2. 3, 4aands ft for 0 su =7/25's. 


Since U=Ulx,t) , v=0, and w=0 it follows that 


a | ae A 
G=stV-W=a0 , where a= SF tury (1) 


Thus, with “= Voli +a Be sii (wt) | Eg, W) gives 
Ay = Vo aw al (wt) tf lea ened) V, a (-b) oP cin (wt) 
= ae *[w cos wt) -%b sinwt) (I tae sin (wt))| 
With 4-82 | a=005, b=0.2 #, and w= 50 4 
this becomes 
ay = 0.4 € °°*| £0 cos(Sot) —1.6 sin (Sot) (140.05 6° 7?*s in (Soz))| # ® 
where t~s and x~ ff 
Plot ay from Eg, (2) fon OF Ess with x=, 1,2,3,4% ands fF. 


4 


An Excel Program was ysed to calcvlate ay trom Fo. (2). The resuks 
are shown on the nekt page. 


(con't) 
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Acceleration at various x locations, ft/s*2 
x=0 ft x= 1 ft x=2ft x= 3 ft x = 4 ft x = 5 ft 
20.00 16.37 13.41 10.98 8.99 7.36 
19.22 57-3 12.88 10.55 8.64 7.07 
17.24 14.11 11.56 9.46 7.78 6.34 
14.18 11.61 9.51 7.79 6.38 522 
10.24 8.39 6.87 5.63 4.61 7 
5.67. 4.65 3.81 3.12 2.55 2.09 
0.74 0.61 051 0.42 0.34 0.28 
-4.23 -3.46 -2.83 -2.31 -1.89 -1.55 
-8.93 -7.31 -5.98 -4.90 -4.01 -3.28 
-13.08 -10.71 -8.76 -7.17 -5.87 -4.81 
-16.42 -13.44 -11.00 -9.01 -7.37 -6.04 
-18.73 -15.34 -12.56 -10.28 -8.42 -6.89 
-19.89 -16.29 -13.33 -10.92 -8.94 -7.32 
-19.81 -16.22 -13.28 -10.87 -8.90 -7,.29 
-18.51 -15.15 -12.41 -10.16 -8.32 -6.81 
-16.06 -13.14 -10.76 -8.81 -7.21 -5.90 
-12.61 -10.32 -8.45 -6.91 -5.66 -4.63 
-8.37 -6.85 -5.61 -4.59 -3.76 -3.07 
-3.62 -2.96 -2.42 -1.98 -1.62 -1.32 
1.36 12 0.92 0.62 0.51 
5.13 4.20 2.82 2:31 
8.82 5.92 4.84 3.97 
11.96 8.02 6.57 5.38 
14.36 9.63 7.88 6.45 
115,817 8.71 TAS 
16.38 8.99 7.36 


Acceleration, a,, vs Time, t 


Ras 
4 


inky ~ oO 
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4.44. Water flows over the crest of a dam with speed V as shown 
in Fig. P4.41l Determine the speed if the magnitude of the 
normal acceleration at point (1) is to equal the acceleration of 
gravity, g. 


FIGURE P4.4| 


a, =e or with a, = 2224 , Vaya R = f2.28) 27) 


= g.o2 ft 
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4.42 Assume that the streamlines for the wingtip vortices from 
an airplane (see Fig. P4.19 and Video V4.6) can be approximated 
by circles of radius r and that the speed is V = K/r, where K is a 
constant. Determine the streamline acceleration, a,, and the normal 
acceleration, a,, for this flow. 


m FIGURE P4.149 R=r 
dV kK dv 
gd. = Vas, where, since Vi Ke » oe =e 
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4.43 A fluid flows past a sphere with an upstream velocity 
of Vo = 40 m/s as shown in Fig. P4.43 From a more advanced 
theory it is found that the speed of the fluid along the front part 
of the sphere is V = 3Vg sin 6. Determine the streamwise and 
normal components of acceleration at point A if the radius of 
the sphere is a = 0.20 m. 


V=2% sind =% 
2 
(60 sin4¥0°)>  _ 
0.2m ~ 


_ 


/* 
— = 


a eh ae 
q, =v 34 = (6050) 5- , where 
From Eq. (i) , av = 60 cos0 
Oe 2. 
Also $=a0=0.20m, where O~rad, so that 3s = 55m 


Thus, for 0= 40° 
a, = (60 sin 40° 2) (60 cos 40°) (sam) = 88604 
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*4.44 — For flow past a sphere as discussed in 
Problem 4.43, plot a graph of the streamwise ac- 
celeration, a,, the normal acceleration, a,,, and 
the magnitude of the acceleration as a function 
of @for0 = 6 s 90° with V, = 50 ft/s anda = 
0.1, 1.0, and 10 ft. Repeat for V, = 5 ft/s. At 
what point is the acceleration a maximum; a min- 
imum? 


V, cos and s=a@ 


a, = (F\ sino) (2V, cosO) = Ya siné cos@ (2) 


Hence the magnitude of the acceleration is 
2 2 
an aa : : . 
IG| =Jar+as = ite $in'@ + sin’@ cos*@ = ie Sindy sin*6 + cos’o 
or 


jal= 2% sind Thus, la], =0 af 0-0, a] = SH of 0-90" 
al= aq sin wt, WALA HO at CO, fa) age at oo? 


An Excel Program ‘was used to calevlafe ae, Gn, ANd a trom 
Egns. (12) and (3). The results are shown below. The rests for 


other valves are similar if the factor Vy*/a is accwnted for. 
The following data is for Vp “Sis, q=/ tt 


@,deg a,, ft/s? a, ft/s? 
0 \ é i Acceleration vs Angular position 
5 : : =< 
104. | | . Vo = 5 ft/s 
18 | | | | Q=itt 
20 | 
25 
30 
35 
40 


| ———rormal accel, fts®&2 


—= streamwise accel, 
ft/s*2 


= <= = accel, ft/s*2 


(=) 


acceleration, ft/s? 
mw o£ # 


=< 
(eo) 


oO 


0 10 20 30 40 50 60 70 80 90 
6, deg 
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*4.45 The velocity components for steady flow through the nozzle 
shown in Fig. P4.45 are u = —Vox/€ and v = Vg[1 + (y/€)], 
where V, and @ are constants. Determine the ratio of the magnitude 
of the acceleration at point (1) to that at point (2). 


AFIGURE P4.45 


(1) Qa =Va,7 +a - where 


ay = Sh ga Be = (My -¥) 4 vols E100) <(B)x 


and = 
ay UH eal Encore li HIP) =(PFeon 
Thus, from £9. is 


(ip) Vee bey? 


so tha 
q, = A) Pil? = Wee 
and 
Hence, ? 
o [5 
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*4.46 A fluid flows past a circular cylinder of radius a with an "4 
upstream speed of V, as shown in Fig. P4.46. A more advanced the- 

ory indicates that if viscous effects are negligible, the velocity of the . wade 
fluid along the surface of the cylinder is given by V = 2Vo sin 8. ee a 
Determine the streamline and normal components of acceleration oa 


on the surface of the cylinder as a function of Vo, a, and @ and plot 
graphs of a, and a, for 0 = @ = 90° with Vo = 10 m/s and 


v7_ (2%esino) _ 4h «26 


i = a a 
and i i 
a= Vetave ‘ where 76 =~ 2% cos 8 and s=aée 
6 
Or SS = 
Thus, = a 


ie . 
d, = (2% sin0)(2% cos@)q = 7G SIn@ cosO 


These results with V,zlo2 and a=0.0l, 0.10, 1.0, and /0.0m 
are plotted below. 


a=0.0i1ma=0.10ma=1.0m a=10m a=010ma=010ma=1.0m a=10m 


8,deg a, ftls? a, ft/s? as, ft/s? as, ft/s? an fs? a, ft/s? a, ft/s? aa, ft/s 
0 0 0 0 0.00 0 0 0 0.00 
5 3473 347 35 3.47 304 30 3 0.30 
10 6840 684 68 6.84 1206 121 12 1:24 
15 10000 1000 100 10.00 2679 268 27 2.68 
20 12856 1286 129 12.86 4679 468 47 4.68 
25 15324 1532 153 15,32 7144 714 71 7.14 
30 17321 1732 lies) 17.32 10000 1000 100 10.00 
35 18794 1879 188 18.79 13160 1316 q\32 13:16 
40 19696 1970 197 19.70 16527 1653 165 16.53 
45 20000 2000 200 * 20.00 20000 2000 200 20.00 
50 19696 1970 197 19.70 23473 2347 235 23.47 
§5 18794 1879 188 18.79 26840 2684 268 26.84 
60 17321 1732 178) 17.32 30000 3000 300 30.00 
65 153241 1532 1153 16:32 32856 3286 329 32.86 
70 12856 1286 129 12.86 35321 3532 353 36,32 
75 10000 1000 100 10.00 37321 3732 373 37,32 
80 6840 684 68 6.84 38794 3879 388 38.79 
85 3473 347 35 3.47 39696 3970 397 39.70 
90 0 0 0 0.00 40000 4000 400 40.00 

(con't) 


YH 


= 
90 5 on oe a a 
elit 


iS 
ro) 
= 
o 


---a 
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4.47 Determine the x and y components of 
acceleration for the flow given in Problem 4.}}. If 
c > QO, is the particle at point x = x9 > 0 and 
y = 0 accelerating or decelerating? Explain. 
Repeat if x5 < 0. 


Since “= c(x*-y?) and v= -2cxy it follows that 
A=Al+af , where 


Qy = ae € uss + "ay = C(x*-y?)(2ex) +(-2cxy)(-2cy) 


or 
Oy = 2Ee7% (x* +?) 


and 


v v 
ay =F tue vay = €(x*-y?)(-2cy)+(-2exy)(-2¢x) 


or 
Dy = 2c*y(x*+y?) 


For X=X,) and y=O We obtain’ 

U=CX; , v=O 

and 

y= 20°X5 , ay=O 

Thus, with C>0 and X,>0 i follows that U9, a, 70; 2.6, the 
fluid is accelerating. 

With C>O and X,<0 it follows that y FO, iO 6.4, the 


fluid is decelerating. 
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4.48 When flood gates in a channel are opened, water flows 
along the channel downstream of the gates with an increasing 
speed given by V = 4(1 + 0.17) ft/s, for0 s ¢ S 20s, wheres 
is in seconds. For t > 20s the speed is a constant V = 12 ft/s. 
Consider a location in the curved channel where the radius of 
curvature of the streamlines is 50 ft. For t = 10s determine 
(a) the component of acceleration along the streamline, (b) the 
component of acceleration normal to the streamline, and (c) 
the net acceleration (magnitude and direction). Repeat for 
r= 30s. 


V= ae ft/s for 0<t £205 and Vel2tth: fu t >208 
ave +4 where a -9 


=e y? 
a, = . and an = , where R=S0f1 


(1) For t =/0s * 


(aq) a, = oY 4 (0.1) =O, 4 
(b) a, = V7/R= lA 140.1 (10)) Tye? / (soft) = 1.2.8 fe? 


y% 
(c) a=(aqp+ a) *-{( oft) (20) = Lael 


(2) For t =30s: 


(a) gs ae 12 ft/e = constant of =0 and <0 so that 


Ss 


-vit+i¥ 20 
ne a,=V/R = (12 2 Hs) 5 0Ft) 2 2.882, A 


ana “ r 
tas 
(c) a= (a +ac)) =a) = 2.008 
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4.44 Water flows steadily through the funnel shown in Fig. 
P4.4.4, Throughout most of the funnel the flow is approximately 
radial (along rays from O) with a velocity of V = c/r?, where 
r is the radial coordinate and c is a constant. If the velocity is 
0.4 m/s when r = 0.1 m, determine the acceleration at points 
A and B. 


2 
@=Q,nt+a,$, where In2 =0 since R= (¢.e, the streamlines 
j Vv. ae are straight ) 
Iso, a, =VI5- =-V 5p j where Vea 


Since V= 0.42 when r=0.lm it follows that 


3 -3 
c=Vr? =(0.42)(0.1m)° =4xjo73 , oF y= -, where r™m 
Thus, : 
“(S(t = 
'S r+ r3 Ps r> 
At oint A: o o.!2m 
MA Ce ere 
4s (0.1m) a Oulim 
A 
At point B: , . 
3 m2 x z 2 
_ 24x10) 1.492 O./m Nog =y (0-!) +(0.06) 


ST (0./167m)* = 0.1167%m 
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4.50 Water flows through the slit at the bottom of a two- 
dimensional water trough as shown in Fig. P4.50, Throughout 
most of the trough the flow is approximately radial (along rays 
from Q) with a velocity of V = c/r, where r is the radial co- 
ordinate and c is a constant. If the velocity is 0.04 m/s when 
r = Q.] m, determine the acceleration at points A and B. 


FIGURE P4.50 


== 2 
A=4,n+4,8, where an=q=O since R= (de, the streamlines 


are " straight) 
Also, a, = vv --y st where oo 
Since V= 0.042 when F=O0.lm jt fo allows that 


4 
c= Vr = (0.042)(0.1m) = x10 Bs or Vee 1 where r~m 


Thus, 
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4.5! Air flows from a pipe into the region 
between two parallel circular disks as shown in 
Fig. P4.SI. The fluid velocity in the gap between 
the disks is closely approximated by V = V,R/r, 
where R is the radius of the disk, r is the radial 
coordinate, and Vis the fluid velocity at the edge 
of the disk. Determine the acceleration for r = 
1, 2, or 3 ft if V) = 5 ft/s and R = 3 ft. FIGURE P4.51 


2 . a 
Q=a,n +a,8,where a af =O since R=@ (¢.e., the streamlines 
VoR are straight 
ar 


Also, a, = ye-yy where V= 


Since Y= sit and R=3ft, V= = it where r~tt 

Thos, ‘VoR VoR _ VER (SE) (sth 225 ff pw 
a= (Se) eh) = MER. - BMH ae 4 
hie Aitt ag, = ~225 


At r=2ft, a,=-201 4 


Atr=3ft, ag= -6.33 4, 
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4.52 Air flows into a pipe from the region between a circular 
disk and a cone as shown in Fig, P4.52. The fluid velocity in the 
gap between the disk and the cone is closely approximated by 
V = V,R?/r?, where R is the radius of the disk, r is the radial 
coordinate, and V, is the fluid velocity at the edge of the disk. 
Determine the acceleration for 7 = 0.5 and 2 ft if V) = 5 ft/s 
and R = 2 ft. 


BFIGURE P4.52 
y= : 
A=ant+a.8, where ap = =O since R <0 (0.0. the streamlines 
V dy. are straight) 
Also, = Vas =-Vop since © ands are pointed j m opposite direct ONS. 


Thus with V=VgR/r? it follos that 
a, = ~(VeR/r*)(-2V, RP?) = 2, ide a 

2(s#&) (24) “ps = 800/r* where r~ tf 
Air=0.5tt q,= e00/0.s) #, = 25 400 ft 


Mr=2t a, = 00/20) # =258 


SH 
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4.53 Air flows steadily through a long pipe with a speed of 
u = 50 + 0.5x, where xis the distance along the pipe in feet, and 
uw is in ft/s. Due to heat transfer into the pipe, the air temperature, 7, 
within the pipe is 7 = 300 + 10x °F. Determine the rate of change 
of the temperature of air particles as they flow past the section at 


w=50t05x , fv =O, Wf 
T =300+10x 


oF 
= ($0 +0.5x)(/0) = 500+5X —>" where xa ft 


Hence, at X=5 ft 


J. 500 +£(5)e So5 5 


dt 


S 
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4.54 A company produces a perishable product in a factory 
located at x = O and sells the product along the distribution route 
x > 0. The selling price of the product, P, is a function of the 
lenght of time after it was produced, ft, and the location at which it 
is sold, x. That is, P = P(x, t). At a given location the price of the 
product decreases in time (it is perishable) according to dP/dt = —8 
dollars/hr. In addition, because of shipping costs the price increases 
with distance from the factory according to dP/dx = 0.2 dollars/mi. 
If the manufacturer wishes to sell the product for the same 100-dollar 
price anywhere along the distribution route, determine how fast he 
must travel along the rout. 


dollars 


= =0,2 —— 


ax Mi >P 
But, P=/00 dollars anywhere, So that pF =? 


dP 
ave tux or 


_ ght _ C8 dollars/hr) 
~~ YPAX (0,2. dollars/m/) 


mi 
=f07, 


“-50 
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4,55 Assume the temperature of the exhaust 
in an exhaust pipe can be approximated by T = 
T.(1 + ae-™){1 + c cos(wr)}, where Ty, = 
100 °C, a = 3, 6 = 0.03 m™'", c = 0.05, and w 
= 100 rad/s. If the exhaust speed is a constant 3 
m/s, determine the time rate of change of temp- 
erature of the fluid particles at x = 0 andx = 
4m when t = 0. 


,v¥=0 , and w=O0 if follows that 


see eV =e 22 ee ey 2 4g Ae og Ot a7 
pe ag PVE = oe PO Pag tee = ae Fase 


BT =Z (lta e*)éc wo sintut))+uT, (1 +6 cas(wt))(-ab ant} 


= h 
— , where X~m 


Thus, OF =-28.4 © at x20, t=0 


=< a. = = 
pt = ~45-/ at X 4m , t=O 


ue -5| 


4,56 | 4.56 A bicyclist leaves from her home at 9 a.m. and rides to a 


beach 40 mi away. Because of a breeze off the ocean, the tem- 
perature at the beach remains 60 °F throughout the day. At the 
cyclist’s home the temperature increases linearly with time, go- 
ing from 60 °F at 9 A.M. to 80 °F by 1 p.m. The temperature is 
assumed to vary linearly as a function of position between the 
cyclist’s home and the beach. Determine the rate of change of 
temperature observed by the cyclist for the following condi- 
tions: (a) as she pedals 10 mph through a town 10 mi from her 
home at 10 A.M.; (b) as she eats lunch at a rest stop 30 mi from 
her home at noon; (c) as she arrives enthusiastically at the beach 
at 1 P.M.. pedaling 20 mph. 


From the given data the temperature, T, se 
varies as a fonction of location, x, and 
time : b as shown in the figure: 


dT 4,,47 


(a) At X =/0mi and t=/0am, 
dl . (75°-60°) _ 1s 7 


ot Thr ; 

and — 60 

aT — (60°65) __ toy. 

8 gg, ee 

Thus, with w=/omi/hy, : pie 
6 : J 

Be = SE he + 10M (- 5 fm) 


Dt 
= 2.5 Yhr 


ay (65°- 60°) Pe 
(b) At noon with &=0 (resting) and tt ~~ hp ~ # Yr 


T ° 
Dr ety = of 2 Shp = 1.25 "/hr 


(60°- 80°) 


. ar aT 
(c) Upon arival at the beach with = 20 mph ; at =e, and eae TT rae 


=-0,5 o/mi 


DT or +y at = ute = 2057 (-0.5 Ymi) = -10°/hr 


reel 


4.57 The temperature distribution ina fluid is given by T = 
10x + Sy, where x and y are the horizontal and vertical coor- 
dinates in meters and T is in degrees centigrade. Determine the 
time rate of change of temperature of a fluid particle traveling 
(a) horizontally with x = 20 m/s, v = 0 or (b) vertically with 
=O =20im/s. 
a a ed a 
OF = op. + Lox tV iy » where ¢ =0 


ra bey 5 "G 
Thos, if u=202 and v=0, then 3F =US- =(20%)(107E) = 200 E 
and m %G 
if U=0 and v=205 then DE = Me 2 (20L)\(Sa) = 


a 
‘ 
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4.59 The wind blows through the front door of a house with a speed 
of 2 m/s and exits with a speed of 1 m/s through two windows on 
the back of the house. Consider the system of interest for this flow 
to be the air within the house at time t = 0. Draw a simple sketch 
of the house and show an appropriate control volume for this flow. 
On the sketch, show the position of the system at time = 1 s, 


Since the air enters al 2m/s and leaves at /m/s, the air 
at the entrance and exit has moved £=V,dt<2m/s (/s)=2m 
and L, =V, bt = |m/s (1s) =/m, respectively. The contro/ 
volume, which coincides wrth the syctem att<9, and the 

e ys tem at t<ls are chown below. 


- 
: 


ZZ 
Tide | 
a | a , 


’ Bark Mitelaccy Covered 
! Soret 


= eee 
Ch ee as 


\ — a — 
— — — control yolvme and ovt tiow 
system af t=0 


- ~------.. System at £=d¢=/s 


pb F 


4.60 Water flows through a duct of square cross section as 
shown in Fig. P4.60 with a constant. uniform velocity of V = 
20 m/s. Consider fluid particles that lie along line A—B at time 
t = 0. Determine the position of these particles, denoted by line 
A'~B', when # = 0.20 s. Use the volume of fluid in the region 
between lines A~B and A’—B’ to determine the flowrate in the 
duct. Repeat the problem for fluid particles originally along line A A Cc C’ E £! 
C-—D; along line E—F. Compare your three answers. FIGURE P4.60 


Since V is constant in time and space, all particles on line AB 
move a distance L= Vat =(20-)(028)= 4m from t-0 to 1-028 


Thus, the volume of ABA’B’ /'s aa = (0.5m)" (4m) =1.00 m 
so that 
@Q = aon _ 1.00 m* _ 5 4m? 
A 025 . Ss 


Similarly from t=0 tot=0.2s the flvid along Imes CD and EF 
move to CD‘ and EF \respectively. Also, Loc’ = Vere’ = Ynenk’ 
so that we obtain Q= = = 5.02 regardless which line we consider. 


4.61 Repeat Problem 4.60 if the velocity profile is linear from 0 to 
20 m/s across the duct as shown in Fig. P4.61. 


FIGURE P4.6/ 


From t=0 to t=0.1 s the particle initrally at B travels a distance 
by = Va at =(20%)(0.1s)=2m as show, Particle A remain fixed since 


Va=0. Since the velocity profile is linear, line AB remaims straight, but 
“tilts” qs indicated. Thus, the volume of thid crossing the imtval line 
AB is Wage =74,A = (2m)(0.5m)* =0.25m? so that 


__Yapp! _ 0.25m* _. . m3 = = 
Se ee Since Vey! = err’ = Yana’ it 


follows that the same value of Q is obtained regardless which volume 
is used. 


H-S5 


4.62 Inthe region just downstream of a sluice gate, the wa- | - 
ter may develop a reverse flow region as is indicated in ; ~ 
Fig. P4.62and Videw V10.9 The velocity profile is assumed to , _ 

consist of two uniform regions, one with velocity V, = 10 fps | | 
and the other with V, = 3 fps. Determine the net flowrate of | < 
water across the portion of the control surface at section (2) if ky 
the channel is 20 ft wide. 


V, = 10 fUs 


FIGURE P4.62 


Q= VA-\MA = (10 2) (1.24) (20Ft) -(3 4) (1.8 H)20F) 
ft* 
hee wen 


4,63 {4.63 At time ft = 0 the valve on an initially asp = p.(1 — e~*'), where b is a constant, de- 


empty (perfect vacuum, p = Q) tank is opened _ termine the time rate of change of mass within 
and air rushes in. If the tank has a volume of #%) __ the tank. 
and the density of air within the tank increases 


For £20, P=@, [! OF tad so that M=mass of air in tank 


- > % =0,% i ee 
Thus, Ste ebe eM =fela Li- | 
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4.65 Water enters the bend of a river with the uniform vetoc- 
ity profile shown in Fig. P4.65,At the end of the bend there is 
a region of separation or reverse flow. The fixed control vol- 
ume ABCD coincides with the system at time ¢ = 0. Make a 
sketch to indicate (a) the system at time f= 5s and (b) the 
fluid that has entered and exited the control volume in that 
time period. Control volume 


SBFIGURE P4.65 


Since the distance the fluid travels in time St=5s is L=Vdt, the tld 
at A-8 when t=0 has traveled Le(Im/s) (Ss) = 5m when t=dt< Ss. This 
is shown in the figure below. Similarly, the flvid across C-D at t=0 has 
moved as indicated when teft=Ss, Thus, the boundary of the system 
at £=5s are as show in the figure below. The fluid that entered and 
exited the control volume in that time period is also shown. 


Fluid tha} has | 
entered 


con pre! 
yoivmeée 


— — — control volume and 
system al t=0 


%, Flusd that has 
Sa exited control 
Fluid that has volume 
entered control 
Volume 


Pr anerern oon system alt?Ss 
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4,66 


4.66 A layer of oil flows down a vertical plate as shown in 

Fig. P4..66 with a velocity of V = (Vo/h?) (2hx — 2°)j where 

V, and A are constants. (a) Show that the fluid sticks to the plate 

and that the shear stress at the edge of the layer (x = h) is zero, 

(b) Determine the flowrate across surface AB, Assume the width 

of the plate is b. (Note: The velocity profile for laminar flow Plate —~ 
in a pipe has a similar shape. See Video V64./3) 


Ths, 

ar| = 1 (0-0) =O and 

X=0 

tl = lane [ah-2x] <0 
~ x=h Xsh 


Hence, the fluid sticks to the plate and there is no shear 
stress at the free surtace. 


x=h h 
6) Q,, = (ar dh = [a bck = (M6 (2hx x2) b de 
X=0 Pa) 
or h 
Qap = Yob Th x*—tx°| = Zyhb 
H ————— 
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4.67 Water flows in the branching pipe shown 
in Fig. P4.67 with uniform velocity at each inlet 
and outlet. The fixed control volume indicated 
coimcides with the system at time ¢ = 20s. Make 
asketch to indicate (a) the boundary of the system 
at time ¢ = 20.1 s, (b) the fluid that left the control 
volume during that 0.1-s interval, and (c) the fluid 
that entered the control volume during that time 
interval. 


— —— Control volume 


FIGURE P4.67 


Since Vis constant 5 the flvid travels a distance L= Vat in 
time at. Thus, 4=Vat = (2-$)(201-20)s =O2m 
L= Vaat = (1 4) (20.1 -20)s = O.1m 
and $= Vaat = (25%)(20,/-20)s = 025m 


The system at t=20./s and the tid that has entered or 
exited the control volume are indicated in the figure below. 


— — — control volume 
system at £= 20.1 s 


4 


(1) 


\ 


flow into control vol. 
Ah 
Aig! 


0.2m 


%\ Dp (2) 
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flow into control vol, 


4.68 Two plates are pulled in opposite direc- 
tions with speeds of 1.0 ft/s as shown in Fig. 
P4.68. The oil between the plates moves with a 
velocity given by V = 10 yi ft/s, where y is in 


feet. The fixed control volume ABCD coincides 
with the system at time t = 0. Make a sketch to 


indicate (a) the system at time ¢ = 0.2 s and (b) 
the fluid that has entered and exited the control 


volume in that time period. 
FIGURE P4.68 


Since V=Ulye = loy? j# follows that the flvid flows in the 
x-direction a distance of aX =Uat = Joy (0.2) ff = 2y fF 
from £=0 to t=0.2s. The fines A-B and C-D (the ends of 
the original system location) deform into lines A-8 and C°b’as 
shown in the figure below. The portions of the system that have 
entered and exited the control volume during this time are 
indicated, 


flow into control vol wr 


flow out of control vol, \t 


A ate —e SS Flow into control vol. 
ae 


—— — — contro! volyme 
Soon ee Gy shen at $= 0.2..s 
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4, 69 


4.69 Water is squirted from a syringe with a speed of V = 
5 m/s by pushing in the plunger with a speed of Vv, = 
0.03 m/s as shown in Fig. P4.69. The surface of the deforming 
control volume consists of the sides and end of the cylinder and 
the end of the plunger. The system consists of the water in the 
syringe at = 0 when the plunger is at section (1) as shown. 
Make a sketch to indicate the control surface and the system 
whens = 0.5 s. 


LL hhh hhchchhhehhehhh hhh hh hchuhubuhhehuh 


\% 
Y 


Soe = 5 ms 


FIGURE P4.649 


During the t =0.5s time interval the plunger moves 4 = Vp St =0.015m 
and the water initially at the exit moves £=V6t =2.5m. The 
corresponding control surtacesand systems at t=O and t=0.5s 


shown in the figure below. 


— — — contro! volume at t=0.5s 
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“ENED system af t=0.5s 


4,70 


4.70 Water enters a 5-ft-wide, 1-ft-deep channel as shown 

in Fig. P4.70. Across the inlet the water velocity is 6 ft/s in 

the center portion of the channel and | ft/s in the remainder 

of it. Farther downstream the water flows at a uniform 2 ft/s 
velocity across the entire channel. The fixed control volume 
ABCD coincides with the system at time s = 0. Makeasketch §& fs 
to indicate (a) the system at time ¢ = 0.5 and (b) the fluid 

that has entered and exited the control volume in that time 
period. 


er Control surface 


B FIGURE P4.70 


During the 6 =0.55 time interval the fluid that was along 
line BC at time t=0 has moved to the right a distaice 
heV t= 2£(oss)=/4, Simhrly, portions of the 
fluid along tine AD have moved L=/f (0,55) = ost 
and L=6£ (0.55) = 311, This assumes the / ft and 
6£ flvid streams do not mix or mterningle during the 
05s time interval. See figure below. 


Fluid thet Tit ae 


° 
a 
- 

. 

g 
wy 4 
- 


entered = ft Fluid that 
pees ee ae ; Fa | extted contrel 
ae ae 0.5 ft S ' j; Brie 
eee sree 2 aes y] 
DD’ i 
— — — fixed control volume 


weececcceas SSI af $= 0.55 
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4.71 Water flows through the 2-m-wide rectangular channel 
shown in Fig. P4,7/ with a uniform velocity of 3 m/s. (a) Di- 
rectly integrate Eq. 4.16 with b = | to determine the mass 
flowrate (kg/s) across section CD of the control volume. 
(b) Repeat part(a) with b = 1/p, where p is the density. Explain 
the physical interpretation of the answer to part (b). 


Control surface 
BFIGURE P4.7! 


Da ={ eb VA dA 
CSout £ 


‘" 5 =/ and Vin = V cos@ this becomes Z 
u ~ Sev cos dA cos S dA : 


aus A., , where A, = £ (2m) 


= (Se) (2m) 


we ee 
“= )m 

Thus, with V=3m/s, 

By = (3 F) cos0 (ate m* (999 48 L)= 3000-2 


b) With b= lf Eq, li) becomes 


By =) Vida =(Ve0s6 di = Veosd A, 
cD co 


3 
=(3 2) cosé (ssn) = 3.00 


With b= Yo = (i) * = rh follous that “B = volume” 


(i.e, b= Ges) so that fVida-B,, reoresents the vohme 
flowrate (m3) from the contre! volume 


472 


15 ft/s 


4,72, The wind blows across a field with an approximate 
velocity profile as shown in Fig. P4.72.Use Eq. 4.16 with the 
parameter b equal to the velocity to determine the momentum 
flowrate across the vertical surface A—B, which is of unit depth 


into the paper. a. 
: 
' ‘ 
m FIGURE P4.72 
= y=20f} 
an = {PbWA dA = (oV Vida =o (Valliva-C]atdy 
AG 
oa AG ye 
= pe V"dy 
oO 
Bul, V= Toy § f for Osy<loft(ce, V=0 at yz0 Vers B al y=/0) 
and V=/S# for y>lo ft 
Thus, 10 


B= off (i Sy dy + fas ‘dy |= pi fp.2s |, 225 y 
0 


slogs fitan 
= 0,00238 ae 750 fH +22503 fi 


7) 


2 nee ft rues th 
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een ale anal Syne a ne a a at gta = aba Sarget eee ae — a ee eee 
— eR ae Tc te mee eT. = ents nd hg Se ee 


— ih eon ol : 2 ie Ce, Be” oe 7 ew as pares 
7 -_* — . > a = » - : 7 ee 
. . = a + S 7 we ay? fo f 7° ~« o— = os 
; = — e = an % er a ae poet a oe -t 3 Sasi ads pi 
om i ore ae a ~~ ——- ml a =< 
— fe a, r BS. arc 2 Pes 7. a 


aA? - oo. | > . ag ag. te 
~ 


5.5 Water enters a cylindrical tank through two pipes at rates of 
250 and 100 gal/min (see Fig. PS.5). If the level of the water in the 
tank remains constant, calculate the average velocity of the flow 
leaving the tank through an 8-in. inside-diameter pipe. 


control volume 
-_— -_ = 


Section (2) Tho gal/min 


Q2= > 
250 gal/min 


Section (3) 


2 AN; 


A 
For steady and incompressible Flow through rc ache Netele ON 
Q,+Q, 


o 
" 


Or 
v= 1 (0,42, 2 (Q,+Q 
a ) ra," 7 
4 
aa a (120 m + 250 gpm ){23/ Ly Ye 
: r(B in-) ii . i gal 60 5 AZ mn. 
4 Mie | Fh 
te Ses ee 
. a 
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5.6 Water flows out through a set of thin, closely spaced blades as 
shown in Fig. 5.6 with a speed of V = 10 ft/s around the entire cir- 


cumference of the outlet. Determine the mass flowrate through the 
inlet pipe. 


=_— - 
SFIGURE Ps.6 


Use the contre! volume contamed within the broker, 
lines Shown 1 the sketch above . 


Frm the. conservation of mass princsale 


an ud le} 
Also 


eA VY cos 60° 


outlet outje+ outlet 


= Vv 0 
a Bar ary sutler OF 6 


= (1.94 slugs) a7 (a.6Ftyo.1 #)(10 ft cos 60° 
a i 
= 3.66 slugs 


Ss 
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5.7 The pump shown in Fig. PS.7 produces a steady flow of 10 
gal/s through the nozzle. Determine the nozzle exit diameter, D., 
if the exit velocity is to be V2 = 100 ft/s. 


f 


BFIGURE PS5.7 


uae 
For steady Flow Q,=Q,, where 4, 219 22! (231585 (dts 
Thus, with = 1008 


3 
1.337 = py = $d; (j00#) 
or 


D, = 0,130 ft= 1,57 in. 


) = 1.33742 


§.8 Water flows into a sink as shown in Video VS.1 and Fig. PS.8 
at a rate of 2 gallons per minute. Determine the average velocity 
through each of the three 0.4-in.-diameter overflow holes if 
the drain is closed and the water level in the sink remains 
constant. 


Three 0.4-in. diameter 
overflow holes Q=2 gavmin 


BFIGURE P66 


Q, =Q, for the control volume indicated, 


_ _ o,00nng # 
2 7. 0,4 ios 
3| 7 ort) | 


+ 


5.9 The wind blows through a7 ft X 10 ft garage door opening 
with a speed of 5 ft/s as shown im Fig. P5.9. Determine the average 
speed, V, of the air through the two 3 ft x 4 ft openings in the win- 
dows. 


}+______—22 ft ——______ -| 
BFIGQGURE P5&.9 


For steady wi cor pressible tlw 


Q garage = © ston e Seder 
door 
- 7 a Ha, ¢ PAY 
Garage novmal to window it Salat 
door gavage door 


6 Hie acotes speed, V, of the alr through the two win dlaves I$ 
Agarage Vaormal to gavage door (7 #+) (io fH(S ff) sin2d” ~ 4.99 Ft 


V = =e 
ce ee 2(34t)F ft) 


§.10 The human circulatory system consists of a complex branch- 
ing pipe network ranging in diameter from the aorta (largest) to the 
capillaries (smallest). The average cadii and the number of these 
vessels is shown in the table below. Does the average blood veloc- 
ity increase, decrease, or remain constant as it travels from the aorta 


to the capillaries? 

CR RE PE NPT al OY NT EI I ETS 
Vessel Average Radius, mm Number r *N mam 

Scere 

Aorta 12.5 1 156 
Arteries 2.0 159 636 
Arterioles 0.03 1.4 X 10° 12.600 
Capillaries 0.006 3.9 X 10° : 


140; #00 


The average blood velocity, V, 1s related to the blood mass Flow, m, 


ae 
ae i : A 1s yessel cross soction area (i we=) 
where. pif blood density, igre 
and N ‘ts number of vessels. So der Constant mM eC; 
ve ron) 


and since te vin product becomes 
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la yger, the average velocrty becomes Smaller. 


§.11 Air flows steadily between two cross sections in a long, 
straight section of 0.1-m inside diameter pipe. The static tempera- 
ture and pressure at each section are indicated in Fig. P5S.11. If the 


: : : Section (1) Section (2) 
average air velocity at section (1) is 205 m/s, determine the average 
: ; J P, = 77 kPa (abs) P2 = 45 kPa (abs) 
air velocity at section (2). T, = 268K T> = 240K 
: V, = 205 ms : 


-BFIQGURE P6.11 


This analysis 1s similar fo the one of Example 5.2. 
For steady flow between sections (1) and (2) 


2 / 


or a ” 
Vz AV 

Ge ee ae 

Thus 

¥- BAY (i) 
34% 


Assuming Ab ce) under the conditns of this problem, air 
behaves as an jdeq/ gas we use the 


edeal gas 
eguation or’ stale ( &g. 1.8) # ger 


et = ae : (2) 
QA Fi 


Combining €]s. 1 and 2 and observing that A, =A, 
we get 


Z = hy, = (72 telabsJ]OF0K) (295 m) 
= 5 ( #9 &ra(eos JES K) : 


5.12 A hydraulic jump (see Video V 1().10) is in place downstream 
from a spillway as indicated in Pig. P5.12. Upstream of the jump, 
the depth of the stream is 0.6 ft and the average stream velocity is 
18 ft/s. Just downstream of the jump, the average stream velocity is 
3.4 ft/s. Calculate the depth of the stream, 4, just downstream of 
the jump. 


BFIGURE PS5.12 


Foy steady tucompressible tlw between sections (1 )and(2) 


h= Vb, - (8 2)(o6*) 


i Spi 3./8 #4 
(3.4 i) 


Wet air 
m = 156,900 lb/hr 


5.13 An evaporative cooling tower (see Fig. P5.13) is used to cool 

water from 110 to 80°F. Water enters the tower at a rate of 

250,000 lbm/hr. Dry air (no water vapor) flows into the tower at a 

rate of 151,000 Ibm/hr. If the rate of wet air flow out of the tower . Warm water pe 
is 156,900 lbm/hr, determine the rate of water evaporation in | ™ = 250,000 Ibrvhr 
Ibm/hr and the rate of cooled water flow in Ibm /hr. 


oyar = 
fm = 151,000 Ibrvhr 


For steady flow of dry air FIGURE PS5.13 


7 (1) 
Mn. = ‘i dry air 


For steady tow of water 


‘= Sam (2) 
a, ie water + 


Also 


° + m 
mM, 5mm dry air 2, Waler (3) 


Combining Eqs. | and 3 we get 


= m—- m, = rate of water evaporation 
2 water 3 


= 156,900 !6m _ 451 000 oo = 5900 io 
‘ Ar r 

Z2 we get 

rate otf cooled water Tlow 


—— a 
- 2, water 


lon 
250,000 thm 5900 he ~ 24% 000 —™ 
A 


r Ar Ar 


5.14 At cruise conditions, air flows into a jet engine at a steady 
rate of 65 Ibm/s. Fuel enters the engine ata steady rate of 0.60 lbm/s. 
The average velocity of the exhaust gases is 1500 ft/s relative to the 
engine. If the engine exhaust effective cross-sectional area is 
3.5 ft’, estimate the density of the exhaust gases in lbm/ft’. 


For steady flow 
it =m t Mm 
3 / 2 


|b 0.60 4, 
6s = - - 


(3.5 ft*) (1500 #t ) 


volume 


5.15 Water at 0.] m?/s and alcohol (SG=0.8) at 0.3 m’/s are mixed Realy 
in a y-duct as shown in Fig. 5.15. What is the navergEe density of the 4 
mixture of alcohol and water? 


N 


Alcohol (SG = 0.8) 
Q=0.3 m/s 


SFIGURE P5&.16 


For steady 


mM) o 
Or 

fa, + R&, -# es ) 
Also, since the water and alcoho! may be considered 


in compre ssi le 

Q 2a, * gs (2) 
Combining Egs. / amd 2 we get 

Pa + £a,= £(0,4a) 


28, + 44, 
Q+ ea, 


p(2, + SG, A.) 


Q +Q, 


' (499 By [01 Bi +8003 F oD] hos dh & 
os = _ ea 


OIL? 4 
$s 
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5.16 | Freshwater flows steadily into an open 
55-gal drum initially filled with seawater. The 
freshwater mixes thoroughly with the seawater 
and the mixture overflows out of the drum. If the 
freshwater flowrate is 10 gal/min, estimate the 
time in seconds required to decrease the differ- 
ence between the density of the mixture and the 
density of fresh water by 50%. 


A fixed, non- de tormung control volume that contams the 


water mixture im the 55-94/ drum js used. Fresh water 


with density, -, ad volume 
The mixture is assumed to be hormogeneous 
throughout the contro! yolume and leaves the control volume 
with density, 2 , and volume flowvate, @2 . Application 


of fhe conservation of mass equation (&. 5:5) f the 
flow through this Control volume yields 


d¥ = = (1) 
he = gk ee 


Simce the tleids involved ave mcompressible, Q. = ges Q. 


enters the contol volume 
flowrate, Q, : 


Also, the Volume of fhe Contre! volume is comstant. Thus 
Eg. / leads fo 


4, A%) + 


Za . 6 
dt a 
or 
d(%) , (A4)2 - 2 (21 
at a % ¥, 
The solution of oF a we 
re =< C ae + 40 (3) 
i 6.99 "9% ) 
At t=9, (4p = Sseawake- dialed '? «@ LOZ 


“4 fresh umle; ¢ G4 "“sHE3 +) 


05 (P, - 7) 


yvnixture density 


mixture densi ty 


f Fae 
ee ¢ 


Substituting fais value and ; 
19 415 er a al givens tte &G.3 we get 
(SS gal )(60%) 


_ 


1.013 = 0.026 €& + 1.0 
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5.17 A water jet pump (see Fig. P5.17) involves a jet cross-sectional 
area of 0.01 m*, and a jet velocity of 30 m/s. The jet is surrounded by 
entrained water. The total cross-sectional area associated with the 
jet and entrained streams is 0.075 m?. These two fluid streams leave 
the pump thoroughly mixed with an average velocity of 6 m/s 
through a cross-sectional area of 0.075 m?. Determine the pumping 
rate (i.e., the entrained fluid flowrate) involved in liters/s. 


For steady mcompressible How through the contre! Volume 
a, r Q, sa Q, 

or 
V, A, sg a, ¥ V5 A, 

Thus 
a, 


a, 


i] 


V,A,- VA, - [6 m) (0,078 yw) - (30 m (0 or) |fooor) 


150 Siters 
Ss 


i) 


s-B 


5.18 Two rivers merge to fomn a larger river as shown in 
Fig. P5.18. At a location downstream from the junction (before the 
two streams completely merge), the nonuniform velocity profile is 
as shown and the depth is 6 ft. Determine the value of V. 


BFIGURE PS&.16 


Use the cmteol volume shown within broken /ines 
in the sketth abe. We nok that m=pfiv anol 


trom the comservahon of mass print ple we 


Get 


SN a ag Tyee 


Va AV, FAK (mene? + (gore ISH EE) 


A0R)+ A (ot Notty(0.8)+ (wtYE Ft) 


0.9 ” 


= 3-63 


_ 
—— 


5.19 Various types of attachments can be used with the shop vac , 
shown in Video V5.2. Two such attachments are shown in Fig. P5.19 
—a nozzle and a brush. The flowrate is 1 ft’/s. (a) Determine the 
average velocity through the nozzle entrance, V,,. (b) Assume the air | 
enters the brush attachment in a redial direction all around the brush - 
with a velocity profile that varies linearly from 0 to V, along the length | 
of the bristles as shown in the figure. Determine the value of V,. 


‘b+ 2-in, dia. apa 


Vn 3-in. pa 


SFIGURE 


P5.19 


3 | 
(a) Q; = QY, where Q,= / : | 


ad) or | 
= : a Haw | 


saath: eases 


(b) Q, = = Oy where Q, = lz ci . Q), = Az where 
V, = average velocity at (3) = + V, i : 
A, = 1 Dy hy i 
TAYS, . | | 


2M [CBW (HE NY] <1 F , or pire 
Vy, = 20.44 : +H 
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§.2 An appropriate turbulent pipe flow velocity profile is 


R= Is | 
v=u( R ") i 


where u, = centerline velocity, r = local radius, R = pipe radius, 

andi = unit vector along pipe centerline. Determine the ratio of av- # 
erage velocity, «, to centerline velocity, u,, for (a)n = 4, (b)n = 6, CrOSS 5€CII0N 
(c)n = 8,(d)n = 10. Compare the different velocity profiles. 


For any cross section area 


Thus tor a uniform ly, distributed density , 4, over area A 
4 ¢ —) ? 2trrdr 


f 


nm Re 


-NOW - att 
pt ERY LK Znt+ antl 
u 


A 


10 0. 866 


The different velocity profiles (iqeladiag tor laminar Flow) ave com laren mn 
Fie. 818. Since the ‘protile for n= 4 is not Practrcally signi fieant, It IS 


not shown. 


6.2) 


5.‘Z| Asshown in Fig. P5.2), at the entrance to a 3-ft-wide 
channel the velocity distribution is uniform with a velocity V. 
Further downstream the velocity profile is given by u = 4y — 
2y?, where w is in ft/s and y is in ft. Determine the value of V. 


(2) 


FIGURE PS5.21 


Use the tote! volume indicalked by the broken ines ya 
the Skelth abwe - 


: / 
From the conservahon of mass principle 


prt 
VA, = fudA [Gy- 2p) dy 


A, 0 


2 2 | ft 
V(t), = fae Ja 4b 
2 3 d 


Same 
s fs 


Ve > fe 2 


— 


5.22 A water flow situation is described by comers at (x,y,z) = (0, 0, 2), (5, 0, 2), (S, 5, | 


the velocity field equation 2). (0. 5. 2), (0, 0, 0), (5, 0. 0), (5, 5, 0), and (0, | 
V = Gx + 2) + Qy —4)j — Szkeftls >, Snes in Fig. PS. 22b. | 


where x, y, and z are in feet. (a) Determine the 
mass flow rate through the rectangular area in the 
plane corresponding to z = 2 feet having corners 
at (x. y,2z) = G, 0, 2), 45, 0, 2);°6, 5,.2),.and 
(0, 5. 2) as shown in Fig. P5.72a.(b) Show that 
mass is conserved in the control volume having 


(a)The general expression for mass * 
Hlowrale across area A » Ws (a) (b) 


' nt FIGURE P5.22 
m= fr V. AAA 
| A, 


Since the 2-dwyection component of velcity, w,, 
ls uniformly distributed over A,, we Can use 


m = 0 (w,A,) = (1-94 ig) (10 ft Ves #4?) 


or 
m = 485 slugs 
: 5 


“N 


(b) If fev hdA = 0, then mass is conserved. 


However [rv aaa = > m and since the component 


CS 
of velocity normal to each plane area of the contro! volume 
1S unitormly distributed over that area we have 


Zm = 0 (-wW,A, + WA,-WAL+ ty A, + YA + YA) 
° ae z a f7? 3 2 ft? 
I m= (-250 ft" o _ 208 + 170 ft 4oLt'+ 60H") 


>m=0O and mass is conserved. 


5-/8 


§.23 An incompressible flow velocity field 
(water) is given as 
Vv = He So | awe 
r oF 

where r is in meters. (a) Calculate the mass flow- 
rate through the cylindrical surface atr = 1m 
from z = 0 to z = 1 mas shown in Fig. P5.23a. 
(b) Show that mass is conserved in the annular 


control volume from r = 1 mtor = 2 m and 
z = 0toz = 1 mas shown in Fig. P5.23b. 


FIGURE P5.23 


(a) The general expression for mass towrate 
across cylindrical area A, /S 


= fp Vaan 


Since the aie! direction component of velacity, Vv, 
is wera, Wstributed Over A, we Can use 


2% A) = (FOB M1 Ber 2 


ns 


= 


(b) If L 0V.F dA =O, then mass is conserved. 


Powictce ie pV. AdA =m aud since 

the component Of velocity norma/ fo each cylindrical 
aud plane areq of the conto! yolume js uniformly 
Oistributed over that area we have 


= We - Vv Ss 
P( a A, rx Mag tai he A, ) 


29 ia”. o 
=m fp (2% 2 aR = Onl ¢ ae) 


=m O @nd mass is conserved. 
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5.24 — Flow of a viscous fluid over a flat plate 
surface results in the development of a region of 
reduced velocity adjacent to the wetted surface 
as depicted in Fig. P5.24¢. This region of reduced 
flow is called a boundary layer. At the leading 
edge of the plate, the velocity profile may be 
considered uniformly distributed with a value U. 
All along the outer edge of the boundary layer, 
the fluid velocity component parallel to the plate 
surface is also U. If the x direction velocity profile 
at section (2) is 


develop an expression for the volume flowrate 
through the edge of the boundary layer from the 
leading edge to a location downstream at x where 
the. boundary layer thickness is 6. 


From the conservation 


flow through the Confo!l volume 


we have 


=f = V.AdA 
ee oe eee 
A, 
for incompressible Flow 


/ 
_ pV £5, 7 
pe, sing 1G dy) 
where 
L = width of te plate 


aud thus 


gu Paes 
Qy, g 


a> Ze 


Section (1) 


Section (2) 


contro! 
, Volume 


KLLITILTLLLLLLLLLLL LET 
spe 


FIGURE Ps.24 


Shown wh the A7gure 


Outer edge 
f 


) 
boundary 
layer 


525 Air at standard conditions enters the compressor shown in Fig. 
PS5.25 ata rate of 10 ft°/s. It leaves the tank through a 1.2-in.-diame- 
ter pipe with a density of 0.0035 slugs/ft? and a uniform speed of 
700 ft/s. (a) Determine the rate (slugs/s) at which the mass of air in 
the tank is increasing or decreasing. (b) Determine the average time 
rate of change of air density within the tank. 


0.00238 siugs/ft? 
BFIGURE PS8.25 


Use the control volume within the broken hvie?. 
(a) Fran the comservahon of mass Pnaciple we Ger 


DM 7 - 2 2 
os Oy oul. 0, @ 


Mss = (0.00239 slug (i of) 17 mf TT ee Z a idin), 700 ft 
Dt i) my : 144 ji i) i 
+ 


& V 
n loud A, Ouk 


0.00456 5g (a creasing 
3 


-4 
= 2.2810 347 


= 


Ff? GS 
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5.26 Estimate the time required to fill with water a cone- 
shaped container (see Fig. P5.26) 5 ft high and 5 ft acioss at the 
top if the filling rateis 20 gal/min. 


BS FIGURE P5.26 


From application of the Conservation of mass principle tp 
the control volume shown jn fhe gure 
we have 


a | ga VARGA = 
2 fp + [pv aA O 
Cv CS 


For incompressible tlow 


at = @ 2G 
ot 
Or % Fr 
[ow " a /at 
o 0 
Thus in? 


ee Bo RBA _ testis 1) 078 WH) 
/ 1) (23) in? 
Q ZQ (12) (20 gat) (2 i ) 


and gal 


‘5.29 A hypodermic syringe (see Fig. P5.29) 
is used to apply a vaccine. If the plunger is moved 
forward at the steady rate of 20 mm/s and if vac- 
cine leaks pass the plunger at 0.1 of the volume 
flowrate out the needle opening, calculate the FIGURE PS.29 
average velocity of the needle exit flow. The in- 
side diameters of the syringe and the needle are 
20 mm and 0.7 mm. 


defor muig cantre| 


volume 


Using a deforming control volume and the conservation of 
mass principle C&g. 5.17) as outlined th Example 5.2, 
we obtain (see Eg. & of Example 5.8) 


(1 
-~A, . A © Pama = O ‘ 


Since = Constant , Q, 


wan 7 OO, 40d Qe Aly 
we obftin from £9. / 


L/ A, V, = A, A 
or , 
2 
LCR) fA) L » camo 
24 be Phe O.?%mm) (1 (1000 mn 
and . : ee) =) 
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5.30 The Hoover Dam (see Video V2.4) backs up the Colorado 
River and creates Lake Mead, which is approximately 115 miles long 
and has a surface area of approximately 225 square miles. If during 
flood conditions the Colorado River flows into the lake at a rate of 
45,000 cfs and the outtlow from the dam is 8000 cfs, how many feet 
per 24-hour day will the lake level rise? 


For oe control volume shown: 


, a, Q. PSK = Ne $ | 
Nin ~ My = ~ ot ra ain h Lake Meet Gout 
CV water K yarns 

or since m= =eq, control surface 


Qin - Qo} = it (Atkeh ) = Make ri 


THIS, dh Soni Qin_ (4500000) ogy gS it 
FO Algke 225 mi *(s290#, y 


= 5,90x/0° © (3.5004-)(2¢ A) = 0.5/0 Pf 
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ymin 
513) Storm sewer backup causes your basement to flood at Pvt owe that 
the steady rate of | in. of depth per hour. The basement floor Contains water 
area is 1500 ft. What capacity (gal/min) pump would you rent I a at MON - 
to (a) keep the water accumulated in your basement at a constant 72 ! . a | 
level until the stonn sewer is blocked off, (b) reduce the water 7 ! P fe h 
accumulation in your basement at a rate of 3 in./hreven while 7 = oe m 
the backup problem exists? 7. es oe os ig 


/ eo) CM ! <7 floor avea= A 


iv 


flow out Ale in m 
for a detormin contro! vtlume that contains the wakr 


over fhe basemen? floor (see Sheth above), the 
Conservation Of mass principle C &3. 5.17) leads te 


D fad¥ er ae 
a7 oe ei pV. nada =O 
lt : 


cS 


or tor Constant tliid density avid area (A) 
‘ oe ‘ Qin ys Q aut eo ® 
(4) for part a, &%. | leads fo 
B yup = Cin 
To e@valuak Qi, we use &9.1 With Qy,=O. Thus 
fee RT ON as 
dt 


te) 
ae (e 2 br 
and 


- fies ‘ab 6 gal 
Rag (‘ ef) ) (4 bas) od ag 


ee Dn 


(b) For part b &g./ yields 


Qauct pa Q,,~ A gh 


/ 7.49 gal i 
Qa = to sone oe s2 ie Zin. > ti Nevis) 


Qn4 = 62.4 “te 


—— fn 


§.32 (See Fluids in the News article “New 1.6 gpf standards,” 
Section 5.1.2.) When a toilet is flushed, the water depth, h, in the 
tank as a function of time, #, is as given in the table. The size of the 
rectangular tank is 19 in. by 7.5 in. (a) Determine the volume of 
water used per flush, gpf. (b) Plot the flowrate forO sts 6s. 


(a) Volume of water per flush = $.70in. (19in.x7Sin.) = 8/2 ine 


as a7 Jags \ 
= $/2ip. “srt 3,52 gal 


(s) Q = alsliare in tank) _ ae ah i dh 4a) alata by 


numerical differentiation of the h vst data shown below, 
The resulting @ vst results are also shoum below. 


6 


5 +— 


4 


h, in. 3 + 
2 


1 


0 


-50 


-100 
Q, in.A3/s 
-150 


-200 


-250 
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§.38 A 10-mm diameter jet of water is deflected by a homoge- 
neous rectangular block (15 mm by 200 mm by 100 mm) that 
weighs 6 N as shown in Video V5.96 and Fig. P5.38. Determine the 
minimum volume flowrate needed to tip the block. 


From the free body diagram 
of the block when if is ready 
to tip = M, =O, or 
Ry We = WA, where Ry is 
the fore that the water puts 
On the block. 


Par : 0.0S50m - 


For the contro! volume shown the X-component of the momentvm 
equation 


(ueV-ian aS 
cs 


becomes 
Rx 
WeCWA=-Ry or YY ea 
Thus, a 
v= EE = 3,39 
(1 (499 FA) FE (o.01my ° 
Hence, 
Q =A, y= F(0.01m) (3.39%) = 2 bbxio & 


Ss 
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5.39 Determine the anchoring force required 

to hold in place the conical nozzle attached to the 
end of the laboratory sink faucet shown in Fig. 
P5.34 when the water flowrate is 10 gal/min. The | 
nozzle weight is 0.2 Ib. The nozzle inlet and exit 
inside diameters are 0.6 and 0.2 in., respectively. 
-The nozzle axis is vertical and the axial distance 
between sections (1) and (2) is 1.2 in. The pres- 
sure at section (1) is 68 psi. 


Q = 10 gal/min 
FIGURE P5.39 


The analysis leading tp the solution of this problem is 
Similav To the one outlined in Example 5./0. Included 
in the contro! volume Gre the noz3le and the water in 
the nozzle at an wmstant. Application of the vertical or 
Z-dwection component of the linear momentum eguahon 
CEg.$.22) to the flow through this contro! volume leads to 
= pwA - pwA,+W,+PA+*W-RA, (I) 

which is Eg. 4 of Example $.10. 
The conservation Of mass equation ylelds 

m= pwA, = pw A, 
thus € 3. | becomes 

FE, = th (w,-m, + Wot ra, +W-RA, 
The different terms in + 2 are aoe below. 

n = Q i ep 


a | 0.0432 "9 
Min (7.49 wt) be Ky 


“+ Be & —. (apy # ny # 
A, Te tr _(0.6in-) (7-48 ga! 60 5 ) J 
Y fF3 Min 
l ey 
ee (era a) — 
SS te: oF — 
AT ae naar Gmm(on) ? 


2 : 
TD bb) m (Obim) 19.2 16 
= ' = (68 f = 
RA, F ( .) —= 
(con ) 
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(con't ) 
Ww, - 9 %, = PY a © [07+ 03+ 0,0.) h 
lags in. ‘a in, wn.) 12 
W,, =i Se) Vigt Ss it es: Yt (0.20)+ (0.6in.)(02 Me 


a n 
W,, = 0.00591 b 


2 « 
pws 2 (o &) wz) 2-0 b 
PA, A 7G 5! ( i) 4 


Thus wilh &.2 


Fz (0.0432 S49 us ft _ 02 f)(i & a) 4 0.216 4 19.216 + 00054 Ib - 0% 
A 49% 


37 
" 
wr 
WN 
= 
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5.40 Water flows through a horizontal, 180° pipe bend as is il- 
lustrated in Fig. PS. 0. The flow cross section area is constant at 
a value of 9000 mm?, The flow velocity everywhere in the bend is 
15 m/s. The pressures at the entrance and exit of the bend are 210 
and 165 kPa, respectively. Calculate the horizonta) (x and y) com- 
ponents of the anchoring force needed to hold the bend in place. 


FIGURE P5.40 
This analysis is similar fo the one of Exaraple S.//, 


A tized, non - Ob farming control volume that Contains The wakr 
within the bd between Sechons ()and(2)at an instant is “sed, The 
horizontal forces acting on the contents of the contre! volume in 
the *X and y Oitections ar Shown Applicaton of the X-dirtctiy 
component of the Smear rrmeutum Cptation (&9.$.22) Fads 


ee 
Application of the y- direction component of he linear momentunr 
Cguahon yields 

= Tg Hee SE, = age oe 


2 
or 


R, =pAu(yty)+pa apa, 


7000 =) 


= (799 EF marta (2+ sayh &) ; 
s? 


(os 8A )( 9000 mm*) 


- /000 men) _ 
/000_N_ 


m= &PA 
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5.41 Water enters the horizontal, circular cross-sectional, sudden 
contraction nozzle sketched in Fig. PS.41 at section (1) with a uni- 
formly distributed velocity of 25 ft/s and a pressure of 75 psi. The 
water exits from the nozzle into the atmosphere at section (2) where 
the uniformly distributed velocity is 100 ft/s. Determine the axial 
component of the anchoring force required to hold the contraction 


HFIGURE P6.4i 


For this problem we include in the control volume 


the nozzle as well as the water at an instant between sections 
(1) and(2)as indicated In the sketch above. the horizontal 


forces acting on the contents of the contol volume are shown 
in the sketch. Note that the. atmospheric forces cancel out 
and ave not shown. Application of the horizontal or X- 


divection component of the /ineay mementun, equation (€q. §.22) 
to the flow through this control volume yields 


-4,puA, + U4 pu,r4,= FA-F - pA, (1) 
From the comservahen of Mass egnatmn ( 3.8.12) we obtain 

mM +U,4, =u, 4 
Thus &q. 0) may be cxatssed as 

yn (4g- 4.) 2 BA, -F-BAS ; 


. tr z 3 
E z BA, -pA, + M(u,-u,) = P Te, “hs — pM TP (oy tu) 


or 


4 (144 in. 
tt 


Fe (4 jh) Eee tb (94 sat os £) mu. 
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of each is atmospheric, and the flow is incompressible. The 


sais We contents of each device is not known. When released, which 
5.42 The four devices shown in Fig. P5.._ rest on friction: devices will move to the right and which to the left? Explain. 
| less wheels, are restricted to move in the x direction only and 


are initially held stationary. The pressure at the inlets and outlets (i) ( 


——_/«=S = = = 


we apply the horizontal 
component of the linear 
momen turn eguation to The 
contents of the control vohime 
(broken lines ) anid deternine the A) eee 
Sense of the anchoring fore F.- “ Tae a! 
Bia A Is io The direction (c) 
Shown in the sketches, motion FIGURE P5.42 
will be to the /eft. Ef & is 
yn a dwvection opposite to that Shown, the vnohorn is fy the 
right. Lf Ewa a, There. 1s no horizontal monn. 
Pr sketch(a) 
ck a a ee | 
Since i, is to the lef+, mofion 1S fo the right. 
For sketch (6) 
-V,CYA, + Y ey A. s Ff 
and from constrvato, of waass 
PVA, HP Ax 
ard 5ice vy > Vv, , then Fy is to the left anol nohen is to Me right. 
For stetd, Cc) (note: flow is mt CVat 7) 
-V VA = E 
andl a _ 4, fhe lef*t seo rmofron 1s Yo the rig Ar. 
For sketch, (d) 
“hel aw 4 PA, & 4% 
and frora COnseryvatton of mass 
V4, = PA, 
and Vis wW 


sO F, is to the right and mmo ion 78 Yo The Jet. 
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5.43 Exhaust (assumed to have the properties of standard air) 
leaves the 4-ft-diameter chimney shown in Video V5.4 and 
Fig. P5.43 with a speed of 6 ft/s. Because of the wind, after a few 
diameters downstream the exhaust flows in a horizontal direction 
with the speed of the wind, 15 ft/s. Determine the horizontal com- 


ponent of the force that the blowing wind puts on the exhaust 
gases, 


w FIGURE P5.43 


For the contro! volume indicated the x-camponent of the 


momentum equation 
(u 0 ViAdA = kx becomes 
GS 


Ve 0A, =, where Ry is the net horizontal force 
that the wind puts on the exhaust gases. 


Thys, i * 
Ry = thy Ve where m= PAMe= PAY (ce. m= ma) 


or Ms = (0.00238 ses) E (4st) 6H) = 0,/79 sigs i 
Hence, ; 
R,. = 0.179 slugs (5 #)= 2.69 oe = 2.691h 
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§.44 Air flows steadily between two cross section in a long, straight 
section of 12-in.-inside diameterpipe. The sta tic temperature and pres- 
sure at each section are indicated in Fig P5.44. If the average air 
velocity at section (2) is 320 m/s, determine the average air velocity at P, = 690 kPa (abs) = 127 kPa (abs) 
section (1). Determine the frictional force exerted by the pipe wall on T, = 300 K = 252 K 

the air flowing between sections (1) and (2). Assume uniform velocity = gage 
distributions at each section. B FIGURE P5.44 


N 
Section (2) Section (2) 


This analy s/s 1S Similar to the one of Example 5.2. 
For steady tlw fbefween sections (/) and (2) 


(i) 


Assuming that under the conditions of this problem, air 
behaves as an ideal gas we use the ‘deal gas 
eguation of state ¢ Eg. 1.8) get 


, (2) 


» 
F 


/ 


Combining &gs. | and 2 and observing that 4A, =A, 
we get 


: I. hea (abs ) 300 K) oe, 
V E oe fiz7 2 (abs ))} C (320 =) 


(690 kPaGos (252K) 
V, 
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The analysis for this problem is similor to the one of Example S12. 

for the control volume shown in the sketth abwe applicaton of 

the axial Component of the (near momentun eguation leads to 
Gel + TAA = BA R- 8A 

From the conservation of mass principle 


m= PAY = 2ALV 
Also the we equation of State i 


= 
KT, 
jf’ 


BCi-L) oMaa) - 2B 12] 


1 aoe 2¢ (avast [ ghee Ym - 3202 00 N Vy nN 
2369T. \(252K MG i Ne Mon) hen A ha 
&g- 9K + 


- 70900 N 
(eon -rany(oto 
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5.45 Determine the magnitude and direction of the anchoring 
force needed to hold the horizontal elbow and nozzle combination 
shown in Fig. P5.45 in place. Atmospheric pressure is 100 kPa. The 
gage pressure at section (1) is 100 kPa At section (2), the water ex- 
its to the atmosphere, 


pi = 100 kPa 
=2ms 


HFIGURE PS.45 
The control volume shown im the sketch abowe js used. Applicaton 
of the y adivechon component of the linear momentum equation 
ylelds 


Ky = 2 


Application of the x direction linear momentum €guation leads 
to 


-uau,A, = u,pu,A, = PA, Ppa, 
From the conservation of mass equation 


a = P4,A, = pu,A, 
Thus 


Ry, = P4A (44%) + BATRA = = pambi(y + Zaye P2t vOM, 


m ( mm _ [e (300 men) 
R. -(1" ae 2) (my a (60 #3 7 


+ (100 fa ) Tr (300 mm) fooo N 
- (1000 ey sa) 
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a 
| 


Area = 1 m? 


V=15m/s 
=<Area = 0.3 m? 
\ 


5.46 Water flows as two free jets from the tee attached to the pipe 
shown in Fig. PS.46. The exit speed is 15 m/s. If viscous effects 
and gravity are negligible, determine the x and y components of the —> 
force that the pipe exerts on the tee. 

B@FIGURE PS.46 


Use the Control volume shown. 


Foy the X - component of the force exerted by the pipe 
on the tee we use the x- component of the Imear 
momentum 23ua tion - 

“Yeh, + ele, =PA,- BA,” PyA~Ag)+ E 


Et Em A (8, fu BAA) +, 


of Aor (1) 
To qer Vi we use conservation of mass 
Q, = A> is Az 
ay AV, =ALV, t A; Vs 
so Ve at Ase (BMS) + (0.5m YS) 2 my 
4 ahaa 8 TS eS BEL RETO 
A; 


Jo estimak P 


/m> 
once WE Use Bernoulli's eguaton for How between (iJand(2) 
ga5e 


2 
Fgase z VY, ~ fagase + % 
a 2 e 


“ 
= m e m) (1 NV. *) 
ame 2 e (ah } _(17 Mees). E zal ag. 


¢ oo 
P gcse ge m2 


Now usin 4) we get: . 
[Nees 8 fog yor) RNS ono ge) 
: (#2500 © )(jm*) + F, 


or -72 Coowe F. 
7) x 


So Fe = 72,00N <— 
For fhe y componente of the torr exer lel by Ihe pupe On the fee we use Ww 
Y Competent of Che (inter momentem equate fy get ; 


YoY 4,2 6 
(15 9) 9 42 Vis )(02m*) = 67,400N f = y 
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5.47 A converging elbow (see Fig. P5.47) 
turns water through an angle of 135° in a vertical 
plane. The flow cross section diameter is 400 mm 
at the elbow inlet, section (1), and 200 mm at the 
elbow outlet, section (2). The elbow flow passage 
volume is 0.2 m' between sections (1) and (2). 
The water volume flowrate is 0.4 m°/s and the 
elbow inlet and outlet pressures are 150 kPa and 
90 kPa. The elbow mass is 12 kg. Calculate the 
horizontal (x direction) and vertical (z direction) 
anchoring forces required to hold the elbow in 
place. 


A control volume that contains the elbsw and the water within the 
eloav between sections (1)@nd(2) as shown in te sketch abwe is 
used. Application of the horizontal ov K Awechon component of the 
lineay momentum epation yields 

- u, pu, A, - Vy cos #5 pA, = - + PA ass” 
From conservation of mass 

mea 24,4, = 44 A, = pa (1) 
Thus 


—_ PQ + pO ass? At A, 0s 45° _ @ act 7D, 
A,x A, “s es i i il eed 


ax = (199 42 Yo he cebsilg_) 


(2.00 mm)” 
+r 7 (‘200 hfe am) 


1000 mm > 
+ (en) 


(150 ®Pa )(400 mm)* +(40-kle >) (200 ma) 00s i 


= 25700 N 
Ax eee ae 


Application of the vertical or 2 direction Component of the haear 
momentum equstion leads fo 


~V, sin 48 PYA, = RA sin 45 -5 -w- We 


which When combsned wrth &3. 4 gives 


2 Q sin 45 Qsings. BU: ys? att 
nz 7 in + BA sins” + W- W) = “ee SIN $5 + h iH 47" m9 
(con't ) 
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=f o ad ; 
F = (1999 ae } sin (1H G0 kfa wr (200mm ine 
Az m3. 5 2 Rea} + a 
‘ 7 (200mm s* 5 [1000 es) 
Y (1000 mmy* rm 
m 


af § ying) aN 


8920 N 
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5.48 


5.48 The hydraulic dredge shown in Fig. PS.48 is used to dredge 
sand from a tiver bottom. Estimate the thrust needed from the pro- 


peller to hold the boat stationary. Assume the specific gravity of the 
sand/water mixture is SG = 1.2. 


BFIGURE P5.48 


Using he control volume shown by the broken /ine jn 


the sketel, above we use the horizontal or x Component 
of the (meav mame ntinn Barton fo ger 


F=0A BA vee 6, 5°92 Tide Yu V, cas 30° 


he. sectton / Ps seat Flow enters fhe tmie/ volume 
verhicallg and sectim 2 is where tlw leaves te contro! 
Vokeme at an angle of 30° fam the horizanta/ direction 


Note that here is no horizontal divectim /near 
momentum flow at section ;. 


e = (94 ati Yi 4) TAT aS fy (30 i 30 H) oto fe 


rag 
a? 6650 /b 


5- $0 


Se 


5.49 UA static thrust stand is to be designed cortre] volume 
for testing a specific jet engine. Knowing the fol- ae 
lowing conditions for a typical test, 


intake air velocity = 700 ft/s 
exhaust gas velocity = 1640 ft/s 
intake cross section area = 10 ft? 
intake static pressure = 11.4 psia 
intake static temperature = 480 °R 
exhaust gas pressure = 0 psi 


ed 


estimate a nominal thrust to design for. 


The analysis for this problem is similar fo the one of Example 5./4. 
A control volume that contains the entire engine and the 
fluid in the engwhe as indicated » the sketch is used. 
Application of the horizontal or xX direction component of 
the linear momentum equation leads 40 


A, x 


“th eu, A + 4,244, = PA, Re 
or 

f= -pUnt aah BA 
The conservation of mass Principle yields 


S4A, = LAY A, 


Thus 
Tax B oem oe 4,) 
or smce 
= Ff 
ge 
then 
f= Rieke? BA; 
Ax Aa Ib 
a ") oott le th (4 
| int) (7 ad (ert s £) slug, tt 
a 1116 £416 \(480°R) . 
slug.R 
* (4 bo — 14946 YM ses Yio?) 
Gnd 
EF 2 V2 9G. & 
A,X ———— 


s-#r 
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5.50 A horizontal circular cross section jet of 
air having a diameter of 6 in. strikes a conical 
deflector as shown in Fig. P5.50. A horizontal 
anchoring force of 5 lb is required to hold the 
cone in place. Estimate the nozzle flow rate in 
ft'/s. The magnitude of the velocity of the air 
remains constant. 


Contvol Volume aiff rene 


FIGURE P5.50 


The control volume shown in the sketeh js used. Application 
of the axial or X-dlvection Component of the Sinear 
momentum eguation yields 


—u,puA, + u, eu, A, ~ = £ 


With the conservathon of mass principle we Can conclude 
for this mcompyessible +tlav that 


u,A, = u, A, = Q 


Also 
U, = VY cos 60° 
and 
“av = 
Thus a 
-VpQ + Veos go’ pQ = -F,=- BP + Qeos 60° p 
or a) rk 
Q = | wD z Fay x (2) 
"Fe 60°) PUI cos bo") _ Cos 60") , 
Thus G i a (1%) (6 vin.) ‘ 
Dip 8 e  e 
[m= enon YR 
$lug a 
and 
a =m 2.7 
ee 
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5. S| 
section(2) 


5.5.1. A vertical, circular cross-sectional jet of air strikes a con- 
ical deflector as indicated in Fig. P5S.5!. A vertical anchoring 
force of 0.1 N is required to hold the deflector in place. Deter- 
mine the mass (kg) of the deflector. The magnitude of velocity ¢ 
of the air remains constant. ® control 


SEO IR section (1) 


V = 30 ms 
FIGURE PS5.5! 


To determjne. the mass of the conical adetlectpyr we use the 
Stationary , on - detoyrning Confro/ Volume shown in the Sketth 


Above. Application of the vert’ca/ A/rechon Component of 
the /inear momentum Cg lation CEG. 5-22) tp tne contents of 


this control volume yeld.s 


y e — 
M (- Gy + ¥ cas 30°) ‘ W 


Cone 
or a 
= = m(U- 0 au = AV/v-v 4 
cone ae 5 mC 4 A cos 8 ’) is is LV (yy C0530 } (i) 
However 
y= 
and 
A, = 70, 
¥ 
Thus &3./ can be exyvessec as 
m = Roy (% - ¥ cos 30°) - a 
cone 49 
Or re 
m ws (23 #) x Gim) (30 S)l[ #2-(ae ld AlN 
cone 3 (781 1 
lad CH)4-84 2) Nive) 
and 
= £.f06 
Cone J 
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5.52 Water flows froma large tank into a dish as shown in 
Fig, PS.5 (a) If at the instant shown the tank and the water in 
it weigh W, Ib, what is the tension, 7), in the cable supporting 
the tank? (b) If at the instant shown the dish and the water in 
it weigh W, lb, what is the force, F>, needed to support the dish? 


Far pant (a) we. apply Te verpcal 
component of the /intar 

“nome pn tum eg uation 4p the content 
Of tontrot vwlume A, CY , » get 
eae As ‘ ao 4 (i/ 


To get value of Val: we cp ply 
Bernoul/; esuahon 


BFIGURE 


PS.82 


to Ihe tw trm the bee surtra otf (hu 
Water in [he tank fo the tank out kh? Yo get 


Vout = V294% = / (32.2 Mio +) 


= g2s.% as 
Then Ey. ey we get tee eK 
Migs = a ath 
/ ed 
16..5™ 
ape 


Fo Na 9.8 /6 
For port (b) we apply we appl, The vertical component of fhe /neav momentum 
eguah'on to the Untrts of Cy, ‘to get 
) 
Miedo Ode = Bn Ms C 
CY, Cig v, 
To get Veto we use Bernouwl/; 4 E ¢ eg uation between wee SU fale of 


Wetey in eg do tree Surface at wake clith 7 get 


oe SP 29% thy) = ‘ed Seat 2 #t sia rhe = 376 Ht 


to m a we use frm tensor ter, of mass | i ? sa Pe oF » pA our 
o% cv% tank 
So frm Ege (2) we act 


(37.6 ft y(i94 EE Yes: vt) (esto (1B) 2h-% 


and F, = w+ 14.716 
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§.53 Two water jets of equal size and speed strike each Other as 
shown in Fig. P5.53. Determine the speed, V, and direction, 9, 
of the resulting combined jet. Gravity is negligible. 


Vo = 10 ft/s ——D>g 


@ FIGURE P5.53 


For the control volume shown in the Sketch above the leat 
Momentum equation for the x and y directions dye F for 
the x divechon 


-V2 eV, A, +(@VosedeVA = oO (1) 
and for aes y direchon 
An Asati Gs sine) pVA =O (Z) 


Also for conservation of mass we have 
PV,A, + PVA. - OVA = 

From &qs.1 and 2 we get 
Va Az —- 58 _ 


(3) 


—— + OI 6 
VW A, on 6 1 
30 a 4 =a : (OF 
6 =cot Viki — ot ee q =< ¥5* 
NPA, : 1) 
(10 & ) rT ae 


New combining Eqs. 2 and 3 we get 
-VFA, + V Sine (V/A,+V,A,) = O 


eae 
sind CW, De +Va Aa) 
y - (10 tt) Coat 
(sin 45° [tet £r) = r(o.1fi) +(10 o) ma | 
and 


<= 
(1 
ma | 
o 
~] 
ale 


S. 5% 


Section (2) 
5.54 Assuming frictionless, incompressible, one-dimensional 


flow of water through the horizontal tee connection sketched in : 3 Is 
Fig. P5.54, estimate values of the x and y components of the 


force exerted by the tee on the water. Each pipe has an inside Ar 
diameter of 1 m. 


FIGURE PS. 94 


We can use the x and y components of the linear momentum 
Cguation a &%. 5.22) to determine the x and y com ponents of 
the veaction force exerted by the water on the tee. For 


the control volume contaming water sh the fee, &9. §.22 leads 
to 


" 


2 
Ro BANGS BOE + Yee, () 


and 2 * 

Ry = Rae - Be + ea 47, (2) 
The yeaction forces in EFgs. lamd2 ave actyally exerted by the tee 
on the water in the contr! volume. The reachon of fhe water on 
the tee js egual th magnitude but opposite tn dwectian . 
Conservation of mass ( 6g. 5.4) leads to 


Q,=a,-2 = - YTD" 2108? (om) Tim) = 5.280 0 
2 3 t 3 7) $s S/¥4 s 


Also 2 . 
ay oo = (6 B) Em) = 4.7/2 a 
Further j (628 in? 
256 2 
je =, ail 3 £733 
ri T (1m) 
aud 7 ; 
s & to 
4% ae = fi ie = (2.73 ™ 
a Ls J 
7 
(con't ) 


r5°96 


5. Sy con't ) 


Secause He How /S sh compressible and frictionless we assume that 
Ber nyoullis equation ¢ &y. 5 74) 13 Valid thrrvghout Yat. control Volyrme. Thus 
-3 
- a 2%) (999 ¥f * By. 27/71N_‘\ijo kf 
Be pt Efe) = 20kh +4 : me C6.) (2 22) ye a 
or s* in? 


B = (37 kloan 


Also Gsq 4 : ; 0h 
prt 22K) = 204K + Ehszame (ip 
Js* m 


2 


Or 
R= 195.3 RF 


i v * (b» z 
2, = (200,000 lim) + [ PACHE ) (402 0 = /9Sa70N = BSRN 


and the x-dwtchn Component of doree exerted by He ome: on The 
tee /5 _/85 RN. 
With &.2 7 
af Nam) _ (7 WV) © (1m) 
Ry (i 95,300 © Jt 7m) (? 37, 000 x) Z (im) + (6.733  La98 ds £2 


me 


a + (6.733 ea )(999 Rg (2240 =") re. 
rn3 s hy. ™ 
s2 


Ry + - 45 g00 N) =- $5.PRA/ 
and the y-direction Component of force exerted by the water on 


the tee is +458 RN. 
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5.55 Detennine the magnitude of the horizontal component of the 
anchoring force required to hold in place the sluice gate shown in 
Fig. 5.55. Compare this result with the size of the horizontal com- 
ponent of the anchoring force required to hold in place the sluice 
gate when it is closed and the depth of water upsweam is 10 ft. 


BFIGURE PS5.55 


This analysis is similar to the one of Example 5.1/5 The 
contro/ volumes of Fig. € 5/5 are approprrake tor use 

in solving this problem. When thé sluice gate ‘S$ Closed 
(see Figs. E5-18@ and E5./S¢c) application of the X 
direction component of the linear momentum eguation 
leads fo 


2 
2 
= lh = & - 4 JOt#) = 3120 le 
R= 44H L(62-4 BNC ) i 


x 


+ 
When the sluice gate /s open (ste Figs. € 5.156 and E5.1Sd) 


application of the x direchon component of the /near 
Mdmentien eguation leads to 


2 
we yh a pe 2 = 4 
el fhe Ft eye puh 
The exit velocity u, may be expressed in terms of the /n/et 
velocity u, with the conservation Of mass eguation as ftollavs 
= u& H 
“h 


2 


z 2 tue 
et ee tp4H - 4%, a 


Assuynin 09 E lis negligibly small, we obfamn 
= 1 (62.4 16 \(lott y 4 1e \(LSFt 
oe (62 # NG 2 Z (62 fe J 


2 bs ‘ 
+ (on ary Lye (hoe sant (ton) (| ) 
(94 hag KOR ays ( eh Hise) slug. # 
5* 
> 1290 & 
K. ft 
Thus it takes considerably less force to hold in place the 


sluice gate when it is opened as compared Yo when it /s cared. 
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5.56 


5.56 The rocket shown in Fig. P5.56. is held stationary by the hor- 
izontal force, F,, and the vertical force, F, The velocity and pres- 
sure of the exhaust gas are 5000 ft/s and 20 psia at the nozzle exit, 
which has a cross section area of 60 in.”, The exhaust mass flowrate 
is constant at 21 lbm/s Determine the value of the restraining force 
F,, Assume the exhaust flow is essentially horizontal. 


“BS FIGURE P5.56. 


The control volume contams the rocket and the fthid within the 
rocket as smdicated in the sketel,. Application of the x 


direction component of the lineay momentun equation yields 
o secause the rocket 1s sfationary 


cs upd¥ + VieVA, = a 2M, 
Cv 


But 
m= PAV, 
thus 
a =pA,+ vm 
2 Sooo tt 21 Ibn) : 
t, # (20 We - 147 Be 2 7 ( #)¢ F [822 Ibe Ht 
“a. nn. ib, se 
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§.57 A horizontal circular jet of air strikes a stationary flat plate as 
indicated in Fig. 5.57. The jet velocity is 40 m/s and the jet diameter 
is 30 mm. If the air velocity magnitude remains constant as the air 
flows over the plate surface in the directions shown, determine: (a) 
the magnitude of F, the anchoring force required to hold the plate 
Stationary; (b) the fraction of mass flow along the plate surface in 
each of the two directions shown; (c) the magnitude of F,, the an- 
choring force required to allow the plate to move to the right ata 
constant speed of 10 m/s. 


BFIGURE PS&.57 


control yolume 


The non-a Cforrming contro! volume Shown im the sketch above 15 und 
(a) To determme the magnitude of 4 we apply tae component of the 


linéar pomentum eguation ie me 5.22) along the direction of Fy. 
Tus, {0 CVAdA =ELy , 


ls 


i) 


a 
m V. sin 30° =A; V. Vv. /. 5in 30° = = eee Vv. Sin 30° 


/ 

or is 
c= (23% ese ee) (0 2) (sin 30° (ig) = 0.696 N 
A 74) —— 


(b) To determine the traction of mass flaw aie the plate Surface in 
Cac Of the 2 directions shown tn the sketch above, We apyly the 
component of the Imear momentum equation pavalle/ fp the surface 
of the plak, a ‘aaa dA=2 Fy, to obtain 

= wan e ) 
Kaiong plate 2M ~ mm; Vi cas 20 . 
Surface 


(cont) 
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[5.57] (con't) _ “a 


Since The air velocity magnitude yemains constant , the value of R 


: along plde 
is sero" Thus from &g./ we obfain Surface 


- . -m.-Yy. ° 
m, = th V. mV; C05 30 


nV. (2) 
Since Vy 


22 
=Uev,, £g-2 becomes 
m,= 79, - nm; Cos 30 () 
from conservation of mass we conclude thal 

m; eS 3 (® 
Combining Eg s. 3ana¥ we get 


9-2-2. — Ye Cos 36" 
yg A ED 3 J 


3. 
\ 


m. (6-€0590°) = 1. (0.0670) 
ies ace oer / 


and 
m= ma, (1— 0.067) ,= ™. (0.933) 


Tw, m, mnvoles 93-37, J mn, and ta, involves 6.7%, of mM.» 


(C) To detymine the magni tude Of 5 required to allow the plate 
Yo move fy The right at A constant peta af 10 2, we use 
Q Non- deforming Conhol volume sike the one in The Sketch 
above that moves *# he righl wilh a speed oF 10 i 
The trans[ating conte/ volume sinear momentum Cpuation 
C&q.9:29) (eads vo 


> . 
p= em De (y- MBy ans 
4 


2 
gn G8 Be ewer) (40 10 2 Nein 30°V7. wv 
A ¥ S$ hy. 


) 


e = 039 N 


——<— 


* Since Vi=V2=V4 and p,= fo = fs and Z,= 2,223 tt follows that the 
Bernoulli eguation is Valid trom 1--2 and I-23. 


Thus, there are no viscous effects(Bennoull’ equation Us Valid only tor 
inviscid tlw) so that ®=0. Hence, Ratng plate = 9. 
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5.58 


5.58 Water is sprayed radially outward over 180° as indicated 
in Fig. P5.68. The jet sheet is in the horizontal plane. If the jet Section) 
velocity at the nozzle exit is 20 ft/s, determine the direction and 
magnitude of the resultant horizontal anchoring force required 
to hold the nozzle in place. 


x 
FIGURE P5.58 


The control volume includes the no33le and wakr between sections 
(1) and (2) 43 indicated m the sketch above. Application of the 
y duwecton component Of the linear momentum equation yn ells 


Ler hae = =i 


- ef 
r 
or 5, ref V, cos @)(YU) ARO = ARV Gut sind) 
and 5 =0 
A —- 


Wy 
Application of the X directon component of the //near momentum 
eguation leads te 


f u pV. Ada = Fr 


a 2 
or fos df gem enn) bd < PAR; (cos. - cos) 
Ax 


/ 


ff 
and / (0.5 in. ) (8 in.) (20 ft) ca y/f te 16 
i ae on aaa Te i 
Ax fe (‘ &:) ) (7) E 


= 3b 
i = 


t=52 
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5.59 A sheetof water of uniform thickness (h = 0.01 m) flows 
from the device shown in Fig. P5.59. The water enters vertically 
through the inlet pipe and exits horizontally with a speed that 
varies linearly from 0 to 10 m/s along the 0.2-m length of the 


slit. Determine the y component of anchoring force necessary to 
hold this device stationary. 


ne 
—_ 


m FIGURE P5.S9 


A control volume that @ntains the box portion of the device 
and the water in the lox as shown in the sketeh ahove is used. 


Application of the y~ direction Component of the lineay momentum 
Aguation yields 


0.2 
225 £ a 
bok |v ev.A dh > °\ vu hdx 
slit 0 
The vayiaton of woewith x is linear or 
= 50 mM 
vw x “ 
Thus Oe 


0.2 


r 2 3 
Fe ? \ sons hax = e (50) hx | 


i) 

ov , 
2. 
oe = (ana 50 = Y(0.01m) (2,2 m) (| N,s* ) 
m?> 3 “kg , m 
and 
= 66,6N 
ae 
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5.60 A variable mesh screen produces a lin- 

ear and axisymmetric velocity profile as indicated 

in Fig. P5.60 in the air flow through a 2-ft- 

diameter circular cross section duct. The static 

pressures upstream and downstream of the screen , 

are 0.2 and 0.15 psi and are uniformly distributed g ; (LILI LL LILLE LALO TELIA LIDETLI ETE 
over the flow cross section area. Neglecting the Soemenite? 
force exerted by the duct wail on the flowing air, ry = 0.2 psi P2 = 0.15 psi 
calculate the screen drag force. “> Ise We 


FIGURE P5.40 
Application of the axial com ponent of the linear momentum 
eguation to the How through the contrel yolume shown tn the 
sketch leads To 2 


-¥ PVA, + J 4eu, 2ardr = PA-R,-RA 


See 
° 


2 t z 4 
= V TD = iz TD = i 
K P™ = 21! (mus) +8 S ae MN) 


/,) i 
The value of Ung, may be obtained from conservation of mass 
as fellows 


E4 (12 ét) = 150 tt 
oe at! s. 


(af (1 Ib tay ate 
R= fy wrest = fx or (2ft)(1 os in)” 2n(2 wos 9 engi 


+ [0-2 1b he et) i) os) ls wlehh) ae | 


fF 


5.61 Water flows vertically upward in a cit- 
cular cross section pipe as shown in Fig. P5.6i. 
At section (1), the velocity profile over the cross 
section area is uniform. At section (2), the ve- 
locity profile is 


Ruwaw” : 
V= k 
v.( ze) 


where V = local velocity vector, w, = centerline 
velocity in the axial direction, R = pipe radius, 
andr = radius from pipe axis. Developan expres- 
sion for the fluid pressure drop that occurs be- 
tween sections (1) and (2). 


FIGURE PS. 6! 
The analysis tor this problem 1s similar to the one of Example §./3. 
The control volume contains the fluid only between sections (/)and(z) 


as indicated th the sketch. Application of the vertical or # 


component of the /inear momentum equation leads to 
R 


-w, pw A, + [ope enrdr = pa = hone 
Thus O 


2 4 


R $2 
P-R = Ke _pw, + en fe (&°) Irae +w (t) 
z A p Cs f c R Av 
The weight of the water in the control volume may be expussed as 
W, = gon 
The value of w g may be obtamed from the conservation of mas 
equation as follaws , 


pw A, = fre (f+ r) ‘anrdr 


£ 


WwW = A, 
29r f (5 rnd F 
taille thes heel [G9 ‘rdr we substitute 


x = K-r 
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(con't) 


and R U O 4 2 _ 49 2 
[Ey rde 2 = fx 71-0) Ride “Ga (5) 
Combining Egs. wae ait Ss we obtain 
_ 60 
‘a ag 
Thus trom &G. / 7 R " 
z "| 
ap = Ke _ pee PZ) (60) A rdr +geh (6) 
F 4 7R* pe R? 49)* / R 
R 2 
} 
fo evaluate the integral (a rdr we use Es, Jandy. 
Nes, 
Thus 


R 2 en 
= /. = ao »* 
Rr! = a "(1% Rede = TR 
[ *) tar | ) /44 


and &.6 becomes 


- = Re = W + (1.02), + h 
R-R= pet p 9 
or | 
P-R = Key 0.02 pw,” t goh 


TR* 
Note that in contrast + the result of Example §. 13, only 
a very small portion of the pressure Orop is due ro 


Qa change in the momentum flow between secthons / 
and 21m this case. 
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5.62 Ina laminar pipe flow that is fully de- average velocity, uw, with the axial direction mo- 
veloped, the axial velocity profile is parabolic, mentum flowrate calculated with the nonuniform 
that is, velocity distribution taken into account. 


u = Uu, E - ( = 
25 a=. 
en 
as is illustrated in Fig. PS. . Compare the axial —— 


direction momentum flowrate calculated with the 


FIGURE P5.62 


The axial direction momentum flwrate based on a uniform velocity 
protile with u=&@ is 
ME = up A = paar 


x, unitornm 


The axial direction momentum fhwrate based onthe non- 
unitorm Pees velocity profile is 


U, mone eee * fu, set AG oz) 


* unite, 7™ 


ME _  pue TR 


Xx non - 
unitorn, 3 


To obtain a relationship between U aud Ug ve use the 
conservation of mass agelion, as follows 


pu TR = parr ve [fr Ey Ke) 
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5.64 A Pelton wheel vane directs a horizontal, circular 
cross-sectional jet of water symmetrically as indicated in Fig. 
P5.64 and Video V5.6. The jet leaves the nozzle with a veloc- 
ity of 100 ft/s. Determine the x direction component of an- 
choring force required to (a) hold the vane stationary, (b) con- 
fine the speed of the vane to a value of 10 ft/s to the right. 
The fluid speed magnitude remains constant along the vane 
surface. 


FIGURE P5.64 


(alo defermine the x-ciiechon component of ancharing Force reguired fo 
AcelA the vane stationary we ase the stationory Contyo/ Volume 
Shown above and the x- adjrechon component of the linear momentim 
Cguation (6g.5-22). Shur, 


= m(Vr ¥ tos 45°) =PA,V, (gt haste) = 222 (¢ rh casys) 


(144 slags Yi (1 in)" (100 ) [ 020 ££) poo ft) as ¥5° ] (Le e) 


slug. £f 
C4)( 12 ay 5? 


/3/ 1 


(6) To defermme the X- divech'on component of anchoring Force regusred 
to contine the vane to a camstant speed of 10 =a fo the right we 
use & Cintra! volume moving to the right with a speed of /0 
and the x- Aivection component of The linear bomentim egualion 
tor a translating control volame (&g. 5-27). Thus, 


= ° TD ° 
= AW (Ws a eal Ww, (W, t Wests?) Gi) 


We note that 
Ww — Y- vot = (00 tt ae = 90 


Thus, Eg./ leads To 


ft fi 
E, “ (1-94 slugs SS) ow (tray (40 ky] f+ + 40 Bests (8 slug. F ing Ht) 


F#7/ 4 (12 ey 


146 16 
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5.65 How much power is transferred to the moving vane of 
Problem 5.65? 


Power = FV , where from Problem 5.66 fy =/#6) 
Thos, 


_ (ie (0 ) 


oe £4.16 
$.hp 


Fower 


= 


(1) 
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5.66 The thrust developed to propel the jet ski shown in Video 
V9.11 and Fig. P5.66 is a result of water pumped through the vehi- 
cle and exiting as a high-speed water jet. For the conditions shown 
in the figure, what flowrate is needed to produce a 300-Ib thrust? 
Assume the inlet and outlet jets of water are free jets. 


3.5-in,-diameter 
outlet jet 


For the contro! volume indicated 
the x- component od the momentum 
egvation 


fu Vi dA =L becomes 
CS 


; y 
r) LO. trol aa 
(V cas30')e(-V JA, +4 plte) Ay = Ry surtace 


where we have assumed that <0 on te entire control surtace 
and that the exiting water jet is horizontal. 


With m= PAY, =pArV: £y.( becomes 
Ry =m(\V,-V, cos8) = eA (\h- V, cos 30") 
Also, AV “AA so. that 


(1) 


AN 25in* 
Yee =e" V =2.60V, (2) 


B y combi ning Eos. (1) and (2) = 
Ry. = eV, A (2.60 - £0830") 


or 


2 300 Ib 7 tt 
i “|am slugs) (25 14) fincas aS 
Thus, 
3 
Q =A = (ne ft)(22.78) = 3.94 
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5.67 (See Fluids in the News article titled “Where the plume 
goes,” Section 5.2.2.) Air flows into the jet engine shown in Fig. 
P5.67 at a rate of 9 slugs/s and a speed of 300 ft/s. Upon landing, 
the engine exhaust exits through the reverse thrust mechanism 
with a speed of 900 ft/s in the direction indicated. Determine the 
reverse thrust applied by the engine to the airplane. Assume 
the inlet and exit pressures are atmospheric and that the mass 
flowrate of fuel is negligible compared to the air flowrate through 


the engine. 
MFIGURE P5&.67 


The momentum eqwation ( x-componeat) 
fupV-AdA = 2%, forthe control volume 


CS , 
shown can be writlen as 
aP 


Vy eC VA, +(-Vcos30) 0 V, A, fp, *fr =fy=0 
+(-Vecos30')oV, A, = ~ & 


Or 
E.=(@PVADV, +(0VA,) Vy cos30° +(0 V2; ) V4 cos30" 


But from conservation of mass 
OVA, =04A +0KA, =m = Islugs /s 
Also, V2=Vs, so that Eq, (1) becomes 
be m(V, +\c0s30") =9 SIV9S ( 309 ft i 900 cos 30° ft | 


Note direction of f on engine and engine on airplane. 


XY) s 
a * 000 == 


on engine on airplane 


5.68 (See Fluids in the News article titled “Motorized surf- 
board,” Section 5.2.2.) The thrust to propel the powered surfboard 
shown in Fig. P5.68 is a result of water pumped through the board 
that exits as a high-speed 2.75-in.-diameter jet. Determine the 
flowrate and the velocity of the exiting jet if the thrust is to be 
300 Ib. Neglect the momentum of the water entering the pump. 


BFIGURE PS. 


The x-component of the momentum Vv, cx 7. 
equation, Saevndh =O fe, for f= fa ¢) V; x 


the control valine shown Is 


(-V; cos0) PCYA, (“ed =~ & 
or 
F. = CUA, - EWA casd = CUM, if the momentum of the entering 


Thus, 
300 Ib =(1.9% MEY, *(E (2-25 44) 


water is Neglected. 


or 

V2 642i 

and 7 
Q=A,M= E(LEH) (642 ft) = 2.52 2 


5.69 (See Fluids in the News article titled “Bow thrusters,” Sec- 
tion 5.2.2) The bow thruster on the boat shown in Fig. P5.69 is used 
to turn the boat. The thruster produces a !-m-diameter jet of water 
with a velocity of 10 m/s. Determine the force produced by the 
thruster. Assume that the inlet and outlet pressures are zero and that : 
the momentum of the water entering the thruster is negligible. 

B FIGURE P5.69 


The y- component of the momentum equation, 
SarpV-A dd =5, Fy, for the contro! volume 
“Shown is, 


(ar eV-A dA + VV, A = Fy 


(1) 
If the momentum of the entering water is negligible the equation becomes 


FE, = Us A, = 999 44 (102 )*(E (my) = 78500 ke = 79,5 kN 
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5.70 A snowplow mounted on a truck clears a path 12 ft through 
heavy wet snow, as shown in Figure P5.70. The snow is 8 in. deep 
and its density is 10 /bm/ft?. The tuck travels at 30 mph. The snow 
is discharged from the plow at an angle of 45° from the direction of 
travel and 45° above the horizontal, as shown in Figure P5.70. Esti- 
mate the force required to push the plow. 


GFIGURE Ps.70 


Jo @stimak the tower “eguired to push the snowplow we use 
ce contre! volume showy in the sketth above and €g. 5.29. We 


lect the frichon force between the plow ana the voad SUVTACL - 
we also neglect any tte associated with the Plow deflecting air 


we mas tomsider how much tote IS vesuirtol fo turn wetSnow 
136 ° 
For the wer snow “tlw” wie get tam Eq. 5.29 
$ (4) 
C= tw, ws ¥5°) 
dince. 
m = pAW, 
we assume Wy =W, anof get 
E.= pAw (it ws 15°) 


Go ms (289 F of ) | i 140. 701) 


(3600 Ep ) 


(10 Iben (2= ip, Nt) ir 
F2 j2 in ft 
. f+ 
(32.174 tbea = ) 
lo: $ 
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5.75 Water enters a rotating lawn sprinkler 

through its base at the steady rate of 16 gal/min : Wesel sextk 

as shown in Fig. P5.79. The exit cross section area : area = 0.04in.2 
of each of the two nozzles is 0.04 in.” and the flow YP 

leaving each nozzle is tangential. The radius from 

the axis of rotation to the centerline of each noz- 

zle is 8 in. (a) Determine the resisting torque 

required to hold the sprinkler head stationary. =i 

(b) Determine the resisting torque associated with Z Rs fahi onary 

the sprinkler rotating with a constant speed of | contro! volume 


500 rev/min. (c) Determine the angular velocity ) = 16 gal/min 
of the sprinkler if no resisting torque is applied. — OS 


FIGURE PS5.75 


This is sumifar to Example §.17. 

(a) To determme the resisting Torgue reguived to hold the soninkler 
head statlonary we use the mement-of -momentum rorgue 
eguation C&g. §.50). Thus, 


Se 7 f 
lnaty = 4% Uys = pQrn Ye (1) 


(V6 (16 Bf )/ 144 =) 


: n.* 7. (/f60S_ 
2 (0.04 in N7-#6 Ze!) ) 


Mi 


With Eg./ we brain 


i hye ges nile ake) 


(7.46 221 )(40 5; ) (2 = 
= 2.96 ft 
Tnats 2.7% 17. 
(b)To deleymine the resisting torgue associated wilh a sprinkler speed 
Of 500 rev we use Eg./ afaln. However, with retahon we hae 


"114 


and 


For Wwe use sc mey 
3 in. 
ee _ galy (194 Be ) 
eS Tanock an (Tie ee Pee 5 
2 Anoz3h (2)( 0.0# wn. (7s 4i2 foe, 
al ccoun't ) 
£-65 


con't _) 


For U we use 
v tad 
(8 vy.) Goo fox ) Gm Ze ) = 34.4 # 


/2 m- G0 S. 

e ee} (- min 

Thus with Eg.2 we have 

2 £257 ef — 34.0 a = 29.26 e 


U = kw 


My, 2 

2? 

and with &g./ we obfain a 

/ 
Tt (- gy slugs )(16 $ 24 9G tn, (27. 26 Fi) (1 te ig: 
TE 2 60 5 fae 
: £21) (% x ) ans ae) 

aus 


rr 


er = 35 FAM 
Shaft SSS 


(CITo defkermine et angulay velocity of he sprink/er 'f he ves/shn 


toyrgue is applied we use the Cmbination of CFS. / and 2 


tO obfaiwn 
U = W 


ft i. 
eo ee g) = 9.2 “ee 
(7 a5 
The rotor speed, Nv pe thus 


Ai = = (U3 fad) (8 in). Of) = 970 .rev 
27 wed aan a eet 
rev 
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5. 7 
| r=0.5m Nozzle exit area normal to 
5.76 Five liters/s of water enter the rotor shown in Video VS.10 | : relative velocity = 18 mm? 
and Fig. PS.76 along the axis of rotation. The cross-sectional area | 


| of each of the three nozzle exits normal to the relative velocity is 
18 mm?. How large is the resisting torque required to hold the rotor 
Stationary? How fast will the rotor spin steadily if the resisting 
| torque is reduced to zero and (a) 6 = 0°, (b) 6 = 30°, (c) 6 = 60°? 
| 


HFIGURE PS&.78 


To determine the torgue required to hold the voter stationary 
we use the moment— of- momentum torgue &4uation (4.5.50) 


to obtain 
Nhe PO ee ex ‘3 . 4) 
We note that 
and g 
V4 + 3) 
out Piers 
Cxif 


Combining Egs. /,2 and 3 we get 


r = £ ga cos O (4) 
shat 
F Ape is 
exip 


Jo determine the voor angular velocity associated with zero 
Shat ¢- forgue we again use the moment- of - momentum dorgue 
eguation (&%. 5.50) to obtain, is time wth rotation, 


bs, : Cc - 
"nafp = Nout Opus a Cut ) (3) 
We mote that 
ee ss (out (b) 
ana 
Wo. = (7) 
out A 
nozzle 
ext 
(cont ) 


(con't) 


Combs ning £35.25 6 and 7 we get 


S ae es 
| snag POR fat HOR me i 4) 


Cxst 
@) For 020 we use Eg. $ to ger 


a aA 
Fae, = GAME they (osmy(ias 07) (Ole 2) ez) 
£7 $i z 
or (0% £2) [31 18 mm*) 


—¢ Z23/ Mm 
lcnate ——— 


From Eg.& we obfam Jor Tage 0 


2 
jie ES (& Ls) (cs0°)(1000 a) 
F Aros “oud = 15 Tad 
Cxi'* 50 12 mm*) () 000 “) Co. Smj s 
(bar @ = 30° we use by. 4 7 get im 


4g fF hilrs oe 
e = (Ht & Xe A=) (0.5m) (tos 30°) (1000 oD) Poe 


ay. 2 
ms (1000 {i802 ) (3)()8 mm) 
lsyatt gr ae] 
Fron. Eg- 6 we obmin for eo 0 
w= CP) Gs ny Goro pe joo = 
3018 mm*)( 1000 LIEV Gm ) = # 


(C) For @2 60° we use &%.4 to get ay WN 
aa Ht 2) Cae) (0.8m )C tos 60%) (1000 2) Go 


shaft} : z >> 
(100 ner) (3) (1? mm*) 
or 
ee Sale oe 


Fam €g.€ we obtain to i? 
pe ee ee 


COE Y1 000 ne)? £m) 


oO 


= 925 vad 


5.77, Shown in Fig. P5.77 is a toy “helicopter’’ powered by air 
escaping from a balloon. The air from the balloon flows radially 
through each of the three propeller blades and out through small 
nozzles at the tips of the blades. Explain physically how this flow 
can cause the rotation necessary to rotate the blades to produce the 
needed lifting force. 


As the ar flowing radially our 

through each propeller blade 

turns to tlow out thrangh the. 
nozzle at the blade tip, 

id exerts a tangential fre 
to the inside surface otf the 
blade. Further ) Phe velocity 


: *. Phot 
‘Nncvease of the air wing FIGURE P5.77 


out of each nozzle results I 
additonal force in the opposite divectidn. These two 


Sovces move the blades Counter clockwise 4s 
Shown, The + otatin 9 Llades eperience a lifting 


trce ton the air losing over the blades because 
ot the downward turn ting of the air. 
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Q = 30 m3/s 


5.38 A simplified sketch of a hydraulic tur- 
bine runner is shown in Fig. P5.7@. Relative to 
the rotating runner, water enters at section (1) 
(cylindrical cross section area A, at r, = 1.5 m) 
at an angle of 100° from the tangential direction 
and leaves at section (2) (cylindrical cross section 
area .A, at r, = 0.85 m) at an angle of 50° from 
the tangential direction. The blade height at sec- 
tions (1) and (2) is 0.45 m and the volume flowrate 
through the turbine is 30 m?/s. The runner speed 
is 130 rpm in the direction shown. Determine the 
shaft power developed. 


FIGURE P5.76 


The stationary and non- deforming Coritvo! volume Shown in 
the sketth js used. Equatim 553 Can be usted to defermmne 
to determine the shatt power. Thus 

haan Co) (Lee) 0 
aah the conservation of mass eguation we Can conclude that 


m, - 2 = (i"? SY°2") - 30 000 = 
The blade hee Hes aye easily obtained as follows. 


Uekw _ (usm) (130 BE) GT Fee = 20¢ @ 
7 a Reds Sl le i ask 2 SER Eat 


60 5 si 

Sin tad 
U= hw =(0.g5m (130 1s )@T iw ) = WEm 
(60,5. ) - 


The tangential velocities, Vg, ad Vy, may be obtaured 
with the help of the a bale fringes skethtd below, 


Ve 
(con't ) 
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5. 78 


(con't ) 


With the velocity frangle for section (1) we see that 


Y, , a U. . W sin 10° (a) 
Also 
W COs fo = Vi, 
and mn 
me ee 
yY “eo @ . 8 E (3 #) . 
” A Se 1 es 
1 2m, A, 21 (1.5m)(0.45 m) 5 
Thus 
we ee PE) | ne is 
A = 2/3 
Cos J0 COS [0° re 
and with Eq. 2 
V. = 20. ¥ m i m y ° = ‘ lia) 
b, 2 + (718 @ ) sin to = 216 2 


with the velocity triangle fr section (2) we conclude that 


Vite aU, = i, 2 (3) 


(con't ) 
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5.78 | (con’t) 
Also 3 
30 @ 
W/ cos 40 = Vy, = Se Me et = RS 
, A 2mr,h, 27 (0.35m)\a45m) - 
and 
Woe re _ WEE?) Le ow 
COs ¢o° COS Hy? 
Thus from &3. 3 
¥ m)sn¥o° =« ll2™@ 


Finally , with Eq. | we obtain 


gay” E Ca 9 204 


6 
=~ mex “wm «= 
—— Sy 


shat¢ 


rae a x 10° W 


1 
a) sing Oe 
53 


= -/2.9 MW 


The minus sign means Power out of the conto! volume . 


5-72 


5.79 A water turbine with radial flow has the dimensions shown in 

Fig.P5.79.The absolute entering velocity is 50 ft/s, and it makes an 
angle of 30° with the tangent to the rotor. The absolute exit veloc- 
ity is directed radially inward, The angular speed of the rotor is 120 
rpm. Find the power delivered to the shaft of the turbine. 


Section (1) Sec tlon (2) 
BSFIGURE PS.79 


Ihe s fatonary and non- detor ming contro! Volume shown m the 
sketch above is used. We use €g. 5.53 7o dekrmme the 
shatt power involved. Thus 


\ eo = wm TF Vv (1) 
Waki fe ey 


The mass tHowvate may be obramed tom (2) 


Nn = V = 
Mina Nagin Pe ce, SD 


where 


nF radial component of velocity at secton(1) 


The blade velocity at Sechon (/) Vs 
ty ra = (2 #4) (120 rev ) (21 toe = 25,1 f 
/ Piin 


/ 
mia) 5 


The values of VY, and Y may be dbtamtd with the help of 
a velocity triangle for the tlw at section(s) as sketched below. 
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(con't) 


With the velocity triangle we conclude that 
Vy, = V sin 30° = V cos 60° Ss 60 tt Xin 30") = 2g it 
Then from g.2 
2 (1-9 ies) ft) 2m (244)(1 #4) = 6/0 shgs 
al s 
Ako with the triangle we see that 
Y, , = Ves 3° = V, sinéo° = (50 tt ) Cos 30 = ges 


Then, with &-1 we dbtam 


- (610 sie atin’ i tt 13-9 ¢ 3 ft (4) 
slug. 2 


W — 66x10. f+. /be 
shat? s 


In horsepwer we bane 


Ahi t} 


= Z 1b =-/200 h 
= - (83x10 i bea fd. pee = P 


W nels 
Shp 
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5.80 Shown in Fig. P5.80are front and side 
views of a centrifugal pump rotor or impeller. If 
the pump delivers 200 liters/s of water and the 
blade exit angle is 35° from the tangential direc- 
tion, determine the power requirement associ- 
ated with flow leaving at the blade angle. The 
flow entering the rotor blade row Is essentially 
radial as viewed from a stationary frame. 


Ss" “ee 
=3 _| d 


FIGURE P5.30 


To determpne the power, Wenate , we use the moment- of - 
momentum power eguattor (ee, 3. 53) fe dbrain 


Wopatt =e Ue. be PRY, z Vox (1) 
netin 
We obfain U, from — 
if = kad = C15 tm )(3000 rpm 9 (Zr Fae = #212 ™ 
. (100 o.) (60 3 7 
bin 
Jo determme VU, we use the velocity trrangle Shetthed bel. 
4 
UL 
Ve 2 
WG. 
° 35° Ve 
to get 
V, 
ye. = U «- v2 
a ° tan 35° (3) 


e€ 
For Vv, we use 


Jiters 100 £@\/100 Cm 
. & = ee eee & PeN! LS i? some 
r2 Ay 27nh (000 liter) 2m (15 em)/ 7 em) 
™? 


From £g.2 we obtain 
Vo. 47/2 m — FOS a 
= 
Tan 35° 
Thus With Eq. / we get 


: = (999 pa jitetsY4¥7 12. 2)3202 2 
tag” OMS a mney S| 
paw i {ee =) 
m3 


S 
B.48XI0 Nm 


W gate * 
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5.61 The velocity triangles for water flow 
through a radial pump rotor are as indicated in 
Fig. PS. 1. (a) Determine the energy added to 
each unit mass (kg) of water as it flows through 
the rotor. (b) Sketch an appropriate blade sec- 
tion. 


&” & stationary 
t~ © 9% Control £ 
4 4 
ee gy ee, 


1 | 
1 ' 
' ib eh! 
‘ fs ui ' 
) 1 


FIGURE PS. 1 


(a) 7o defermmne the energy per unit mass added 70 the water 
flowing through the rotor we use the moment. of. momentum 
work eguation (Eg. 5:54) 70 get 


Wspatp = ee is / 


wet n 


UY (1) 


2 


@2 


We vote fram the sechon(z) Velocity triangle that 


ig @ UY. 


92 2 


To ascevtym 5 we note tan the sechon()) velocity Triangle that 


oe 
Vo, = Ve tan 30 


C2) 


From conServahon of mass between sectons (1) and (2) we Conthde 


that 
ee A, ‘ a a ° vie A, 
Or 
" A 2. Wh u 16 m 
amet op a eS Se oGe By CF) ao 
With EG2r, Ver “0g )(0.577) = 19-48 ms ‘ (8m = 
Qnd with Eg. / we obfair 5 


Net th 


(con't ) 


tae [02)09) «53 nf) we 


277 


5.8/ con't ) 


(b) An appropriate blade sechon would be apprximakly tangen} 
fo the section (1) and sectrion(2) relative velocities, Ww and 
W, The relative How angle tam the vadial direchon af 


section (1) 1s 


4B . tan KU, + %, ) Ae] = te pt fe Cer 296° 


ti F2m 


The relative flow avugle tom the radial dwecton at sechor(2) 
is O°. Maus the blade secha js as sketched below. 
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§.82 An axial flow turbomachine rotor involves the upstream (1) 
and downstream (2) velocity triangles shown in Fig.P5.82. Is this Ww, U, = 30 fils WwW, = 30 ft/s 
turbomachine a turbine or a fan? Sketch an appropriate blade sec- 
tion and determine energy transferred per unit mass of fluid. 
“Ty, =20fts 


BFIGURE Rie 


We can determne whether the axial tlw furberrachne 
involved is a turbine or a tan by comparing phe dwection 
of the J/ift force on the vofer blade section with the 
divection of the blade velocity U. Jf the lift fore ond 
the blade veloci ty are in the same divection a turbine is 
volved. Lf the lift farce and blade velocity ave in 
opposite directions , a tan is involved. the divectin of the 
Jitt force can be mfierred from the Shape of thé rotor 
blade sechon sketthed to be tangent the relative Hows entering 
and leaving the votor raw. 
The entering relative flow angle, # , us 

g = ten Ves tan OF) © ogg? 

V, ( 20 ft tt) 

Thus, the voter blade Sets oteliad Bibb axe appropriate 


(con't ) 
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con't ) 


Since the /ift force Qcting on each ret blade secton 
is in the same direction as the blade velocity we 
conclude that this turoomachrne is a furbsne. 
The energy hanpkyed peor unit mass is the shatt- 
Work Por Uap mqgss P WwW. beer 7 whith We Can dekrnme 
wilt Eg. 5.5 4. Thus 


i uy. (1) 


From phe velocit +y triangles we. obfamn 


AP -vU, 

and 
a = 2 2 
W., W Ee 


shat: / 
ft | lb 

“nat = (308 E)I\/( (2ott) + Gott) sinbo® — 30 tt fg 7) 
4p - — 368 ft. lb 

shat} ———— slag 

or 
Wn ff » — 6.8 F4. Ib Ib a» LV i+. bb 
7 Slug (32-2 Iben lom 
te) 


F- BO 
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5.83 Ao axial flow gasoline pump (see Fig. P5.83) consists of a ro- 
tating row of blades (rotor) followed downstream by a stationary row 
of blades (stator). The gasoline enters the rotor axially (without any an- 
gular momentum) with an absolute velocity of 3 m/s. The rotor blade 
inlet and exit angles are 60° and 45° from the axial direction. The 
pump annulus passage cross-sectional area is constant. Consider the 
flow as being tangent to the blades involved. Sketch velocity triangles 
for flow just upstream and downstream of the rotor and just down- ! 
stream of the stator where the flow is axial How much enerpy is ! 
added to each kilogram of gasoline? Is this an actual or ideal amount? i 

| 


V,'= 3 o/s — Arithmetic 
mean tadius blade 


| 
] 

60° | sections 
] 


) 
} 
~ BFIGURE PS.83 


The velocity triangle for flow just vpsieam of the rotor is 
sketched below tor the avithmefic mean rads. 


V,= 3m 
s 


With the triangle we conclude that 
Ww = Ve = (3 2) = 6 
s 


and : 
ts = W 3th 60" = (6 2) sin6o’ = 5.2 m™ 
a f 
! * fcon't) J 
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5. 83 


(con't) 


The velocity triangle for How just downstream of the rotor is 
sketthed below tor the arithmetic mean vadus . lor 
incompressible flow V., = VY. For mean radius tlw U=Y. 


Thus for relative tlow tangent? to the blade we obtain the 
velocity triangle sketched belaw. 


With the triangle we Conclude that 
Vy a Ox. = U-V, tants” = 5.2 Bm ) tints: = 22m 


ide 2 ly A z 
Also 
- tan Ver). tag 2B ; 
ie ae) Ta | oe Be2 
Vea (7 7) 
V, (s2 : 
se org KEY 
cos 45 Cos 45° 5 
¥, * Vx 2 . 3-5. = 3.72 ™ 
Cos @, cos 36.2° . 


Using the stationary avid nan-detorming Control yolume showp 
above in the first Sketch of this sdlufton and Eg. §54 we 
can Calculate the energy Added 1? each kg of Gasiline. 
tip © Bene Pe rh hats ie ) ats — 
This ie the gefyal amount of energy delivered to tpn asobne . 
However, not Gil of it is absorbed by the Gasoline , Some js Jock. 


€-$2 


5+ Sketch the velocity triangles for the flows entering and 
leaving the rotor of the turbine-type flow meter shown in Fig. 
P54. Show how rotor angular velocity is proportional to aver- 
age fluid velocity. Pegnetewne 


& 


& FIGURE ee 5.8 (Courtesy of EG&G Flow Tech- 
nology, Inc.) 


For a section of the turbine blade at radius r, the blade 
noves tangential ly with a velocity U= F@. The ae 


triangles may be Po 2 Shown . 


Wrz | 


ms Vo, 


Us) ng Eg. 5.50 We get 
Ca Vet aes, 
For nearly 301 Tenafe 
0 = tA£-UVU =V 
So pe Uy ten 
- 


z 
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5.@5 By using velocity triangles for flow upstream (1) and 
downstream (2) of a turbomachine rotor, prove that the shaft 
work in per unit mass flowing through the rotor is 
V3 — Vi + UF - Uj + Wi K- Ww 

2 


Wshaft 
netin 


where V = absolute flow velocity magnitude, W = relative 
flow velocity magnitude, and U = blade speed. 


Any set of velocity triangle tor flew through a turbomachine rotr 
row would give the same lesul?. We use The triangles of Fig. PS.77. 


: | 
w J | ae 
ts, aT |e 


Vy ] V 
V, 


Fram the intet How velocity triangle we get 


2 2 1: 
Vea az Vv = Vee (1) 
and 
gn We ee eotv sy. OG) 
a of, U) = Y lt, am AA é 
Combsning Egs. | and 2 we obtam 
2 2 2 
ty V/ = W, a -, 4 oY (3) 
a) SS 
Zz 
From the outlet flow velocity triangle we ger 
2 2 % 
View, = Ye (4) 
and 
=W ee =e fs 
Ven Wt) Stee BE (s) 


§.91 A 1000-m-high waterfall involves steady flow from one large 
body to another. Detemine the temperature rise associated with this 
flow. 


This is like Example 5.22. 

Jo determine the temperefuwre change we use the relationship 

Ae, me | Ga (1) 
Shy 


c 
Where the specific heat , c= f/f Ss 


equation (Eg. 5.70) fe obtain 


We use the energy 


i= Y = Gg C%,~ FL) (2) 


Combs niing £gs. / and 2 yields 


Z-7 > gle, * 3) 
S 
or 


9) ) (1000 m > 0, 4536 Z sie K Nv 
ram le LR Ore ey? ey 
( rag) 1058 em Nem) 


S- 87 


Con't ) 


Combining €gs. 4Yand § we pétain 
2 - a. 
Vi LW, i 


2 


oe 
Z 


For the set of velocity triangles 


wy py = UU Ft OMe 
net in 
Combining EGS, 3,6 Gaa,7? obtain 
VU + Ut ute WW, 
Wenath — ee 


ner in zZ 
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5.70 Is a necessary condition associated with 
application of the Bernoulli equation zero heat 
transfer? Explain. 


From &3.5.78 , we conclude that tor application of the 
Bernoulls eguation (/0s$ =o ;, 


v v 
Gnet 7 Je . Us 
Thus the heat transter , y Por with application of the 


Bernoul// eguatiorr je pat necessart ly pho. No. 


S- BE 


B. 2. 


5.92 A 100-ft-wide river with a flowrate of 2400 fC/s flows over a 
rock pile as shown in Fig. P5.92. Determine the direction of flow 
and the head loss associated with the flow across the rock pile. 


BFIGURE Ps.92 


To determine the directim of flaw we will assume a Aitchon, 


use the energy eration Gr S84) and cakulek the 
Aead oss. If the bead loss js posi hve, Ov ASStumedl ditohe, 
Of flow (5 cowed. Lt the head Joss is negative which is not 
pays/callg possible, our assumed dyrechorn of fw js whtng. ‘| 


Se, aSSuming the tw IS hom right +o let} ov ham oH 
portti) ty pPomtl2)in the sketch above, we get | 
Using £9. 5. 3F bool rhet toma 


Awe. pYtsiUY a | 


29 
Naw 
Vi aCe, —~ 6 tt a 
é A, (4 #4) (00 #4) 


2 
Pa ( r. & ( fy | 
(-) 2 / 
f s Ke YW pe-2 ee) OP a ap | 
i le 2(¥2 24) 262. 2) + 


h, = 0.32 ft and since 4, 1s positive , qur assumed 
right to left fle is cowedl | 


—— 
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| 
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§.93 Air steadily expands adiabatically and without friction from 
stagnation conditions of 690 kpa (abs) and 290 K to a static pres- 
sure of 101 kpa (abs). Determine the velocity of the expanded air 
assuming: (a) incompressible flow; (b) compressible flow. 


This is similar Te Lxam ple Gel. 

(a) For meompressible flav, the Bernoul/y eqguahom ¢ £9. 5.104) 
applied to adiabatic and trichonless Haw fom the stagnahon 
State 7 the static state leads to 


Ve = 2(R - P) 1) 


Where the deal ae eguation of State yrelds 


(2) 
lant2 Sesulk w 
2(R-P)RT 
ie 


* 2 (690 kFa (ats) — (01 kta(abs) | (286.9 pe Gre) 
= So ee eee ee eR ae 
690 pla (abs) ( x 


gy. ™ 
$2 
= 377 m 
— at 
(b) For Compress ible 4 , €3.5.U3 applicd te adiabatic and 
frictionless Flow tram the Stagnahin stak to the Stabe state 
leads +o 
= FON /E . # (3) 
e (44 ) Co ea ) 
proces $ 


(Con'? ) 
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Thus era (ey 


and combining £gs. SJ ancl ¢ feads fo 


e (24 )/z aad (5) 


With the ideal equation of state C&. 2) &%. 5 becomes 


Y= G4) ['-EF] 


aa) 
ua? fr- fi pre sc is 


C140 -1 ee = £5 Klaas, cal 
7 rage 
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5.94 Ahorizontal Venturi flow meter consists 
of a converging—diverging conduit as indicated in 
Fig. P5S.%. The diameters of cross sections (1) 
and (2) are 6 and 4 in. The velocity and static 
pressure are uniformly distributed at cross sec- 
tions (1) and (2). Determine the volume flowrate 
(ft?/s) through the meter if p, — p, = 3 psi, the 
flowing fluid is oil (vy = 56 lbm/ft?), and the loss 
per unit mass from (1) to (2) is negligibly small. FIGURE P5.9'+ 


D,; = 6in. Section (1) 
control volume 


Section (2) 


The contr! volume shown in the sketth above is used. 
Application of the conservahon of mass eguation 
(Eq. 5.13) Yo thé incompressible stacy How through this 
Cont! vblume leads fo 


Q = AV, =s A.V, (1) 


Application of tne enery 4 esuation ra Cg. 5.79) fo the How through 
this controd volume wyelds 


- 2 
oo a oa v (2) 
= mm (? Z . 
Cornbining Egs. / and 2 we obfam 
fi t S. = f + g 
er A, 2 id Ari 
or , " : 
Z adc (a 
Q  CAYe — ig a = 
f? : fi (ety cea 
af Ll 
@ = 268 ab oni loee ge 2 oz a FY z 
Ca a) a 
ip) (“ger eins 
("$23 ee! 
Q = 27 fF 
a S 
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5.95 Oil (SG = 0.9) flows downward through a vertical 
pipe contraction as shown in Fig. PS.95. If the mercury section(y) 
manometer reading, h, is 100 mm, determine the volume 
flowrate for frictionless flow. Is the actual flowrate more or less 
than the frictionless value? Explain. 


7 


ae 


The volume flowrate’ may be obfamed with FIGURE PS.95 
Q= AY HAY = TVs THY Mi) 


/ 


¥ 

To determine either yo or V, we. apply the energy egnation (€.582) 
to yee flow between eaihai (() and (2). ee, neglect 

ee beg, ™ Et lt t 92, + Hioate ~ 9h @) 


? ° net in 
ny: Egs . / and2 we dbfain 


Dz Ack - 6 3 
uf i=[ )] = + 9(#,-2,) (3) 
To determine aa we use the manometer eguation tm, 
Sechon 2.6 fo goin 
i* ws 2 m 
= gh( egit = f) 9(2,-2,) Cy) 


Combining Egs. 2 and 4 we get 


29h (eet - | 


V = 
2% 
P= 7% 
. Gy 
IY 
(2) (4.8! es -/) 
C2 ——— ee 529m 
2 100 nvm 


300 mm | 
and tm &y./ we have f 
Q = Mlosm) G.29%) = 0.042 m’ 

¢ 


Ss 


Actual flowrate wonld be /egs than the trichonkss value because 
the loss would be greater than the Zero aroun! used above. 


ee EE ee le 
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5.96 An incompressible liquid flows steadily along the pipe 
shown in Fig, P5.96. Determine the direction of flow and the head 975m 


loss over the 6-m length of pipe. 


Assume flow from (1) tp (2) and use the energ 
Equation (E9. 5.84) to get for the Contents of the 


Control volume Shown : 


Rene, B+ Bras are 


; y 29 
Thus 

i = & -Re Be 6 24> 4 Om ham = Cor 

io = 


And Since 4 20 . the assumed divectron of How iS corvect. 


The flow is uphill. 
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5.97 Water flows through a vertical pipe, as is indicated in 
Fig. P5.97. Is the flow up or down in the pipe? Explain. 


FIGURE P5.97 


The control volume shown in the sketch above is used. 
lov steady, yncompressible flow downward frm (A) 40(8) 
we obtain from Eq. 5.7 


Fs y? a P. vy? = & 
ere Bt eas 
From conservaton of mass we conclyde that 
Va = Ve 
Thus trom & / 


v 


However the manometer €suation (se Section 2.6) yields 


eh oe g[hli- 5G,)-H] 


Vand 


and 
4155, = gh ( # 5G yy ) 


which is a negative quantity Since 5Gy, eh | negative 
| Joss js not Pays! calle possib/e so thc Flow must be 
| Upward trom 8 t A. For upward Flew the above anaysis 
leads fo a il 


(055, = gh (s6,-1) 


Which is positive and there tre Physi cally yeasonable . 
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5.98 A circular disk can be lifted up by blow- 
ing on it with the device shown in Fig. P5.98. 
Explain why this happens. 


Flow 


Disk 
attached 
to tube 


FIGURE P5.9§ 

Applying the energy equation C&%. 5-82) to the How tam section (1) 
anywhere within the space between the two Circular disks to 
section (2) at the exit of the tlw between the two olisks we obtain 


2 2 
ee ee ee 
‘eg 2 f x 


We note that the exit pressure, BP, 1s py - Thus, £g./ Lecomes 


yy? 
re ue a + loss (1) 
With conservahon of mass mg conclude that 


yeu oy % 


/ 2 A, dD, 


Whith when Combned wilh éq. / welds 


A Po ey 4 loss (2) 


We Coclude with €3.2 that fhe pressures Within the tow behten 
the 2 disks are wrostly less thar p= py Since PER and 


loss is gmall. An C XLighan is The Stagnation pressure where She 
tube flow smpacts on the lover abit. The less than atmaphenc 
pressure Value of PB vesult sn the isk being htted up. 
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5.99  Asiphon is used to draw water at 20 °C 
from a large container as indicated in Fig. P5S.99. 
Does changing the elevation, h, of the siphon 
centerline above the water level in the tank vary 
the flowrate through the siphon? Explain. What 
is the maximum allowable value of h? 


FIGURE P5.99 
Ihe volume flowrate through the Siphon i's related +0 velocity by 
the eguation 


B= VA 


where A js the constant? cross sechon area of the siphon. Thus 
V ts constant throughout the siphon. 

Assuming S$ teady ) 9aCIwn pressible thw without tichon alls us to 
use the Gernoul// equation between any two powts along a 
pathline . TAus 


or 
y= Pag m) 


anda it APPCAYS as iF Y and thas a. /s constant and independent 
of the ume of A. 


However, if fhe Sernou/l, equation is Wyilten ty flav be/ween pomb 


/ 


2 and 3? we obtain 


BeBe a 


lo 
and we conctide bat since FeBy, as h becomes lager, p becrmes smaller 


The maximum value of br is associakd with the min'rmum value of BR which is 
the vapor pressuve oF Water. hus - ae G.2 


y ee B- P f Je (71x10? J “)- -(2: .338X/0° A) 7 | 
a fe we 2 (G (997.2 (9B a) 
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= F,06m 


5,00 A water siphon having a constant inside diameter of 3 in. 
is arranged as shown in Fig. P5.Jod. If the friction loss between 
A and B is 0.8V7/2, where Vis the velocity of flow in the siphon, 
determine the flowrate involved. 


FIGURE PS, !00 
Jo determme the flowrate, Q, we use 
Q:zeAV=TtDy 
re (1) 
To obfoin Vo we apply the energy eg vation (EG. 5.82) Lefween 
Ponts A and @ IN fhe sketh above. Thus, 


Ae be Me, 
C8 z =/f/a 
BODIE ee fee” Gal fess 


; Ct in 


= [G22 Ne FA) eae he 
_—___ s™ = a Cea 
OF 0.9 Ss 

Qnd with Eg. / 


2 
e. = Tv (Bin. ) 16.9 #) | 0,930 ## 
4 (144 zs ; S 
Fp? —=—=== 


5.10! Water flows through a valve (see Fig. P5./p)) at the 
rate of 1000 lbm/s. The pressure just upstream of the valve is 
90 psi and the pressure drop across the valve is 5 psi. The inside 
diameters of the valve inlet and exit pipes are 12 and 24 in. If 
the flow through the valve occurs in a horizontal plane, deter- 
mine the loss in available energy across the valve. 


FIGURE P5.{O| 


The control volume shown jn the sketch above Is used. 
We can use &9. $-79 7% defermne the loss in ava/lable energy 


associated with the tn compressible ; steady Flow Phy ough this contro! 
volume. Thus 


2 2 
poe ae OE ge ETE 
2 
From the conservation of mass principle 


pA, 


yt 
R-R yy Le 
ao 4 pee Cot 
er f $ 
Ib 7 
(50 ad a) Ga Lol 4) 


! 

1.94 Slugs ry 
pli 1.94 gs \32-2 lbyy 
(ei 


f#3 
loss = 5600 ft. 4% 
slug 


Slug 
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5.102 Compare the volume flowrates associ- 
ated with two different vent configurations, a cy- 
lindrical hole in the wall having a diameter of 4 
in. and the same diameter cylindrical hole in the 
wall but with a well-rounded entrance (see Fig. 
P5.102Z). The room is held at a constant pressure 
of 1.5 psi above atmospheric. Both vents exhaust 
into the atmosphere. The loss in available energy 
associated with flow through the cylindrical vent 
from the room to the vent exit is 0.5V3/2, where 
V, is the uniformly distributed exit velocity of air. 
The loss in available energy associated with flow 
through the rounded entrance vent from the room 
to the vent exit is 0.05V3/2, where V, is the uni- 
formly distributed exit velocity of air. FIGURE P5.102 


This is like Example 5.23. 
The volume flwrale fw each ven? con kguvahan 1s oblemed with 
Q@=AK= THY, Gi 
4 
and the exit velocity Of Cath Veut js obtined wilt Ia Cverg y Graton 
(&g- 9:82). Jaus, 
oO 


2 


oO 
7a fil «4 + GC, 2 )—/oss 


_— — 


Q)O5 psi) C144 ey" ) 
Ee ee ee Le 
(238x0 Mat 0.5 )/ IL 
ivaiele Suz. £t ) 
and wits €9./ wt %%bfain s 


2 ? 
= 27tm) Gt29f) = 30.4 
@ aerupt Cuan ‘ a the ee s ) = 


vent P > 
For the cylindrica] vent in a rounded entane. &.2 leads 7 
V, = 2) (15 psi) CO :* ) 
2.38x10 * Slug f le 
( ak + 0.05 )( Sug. ft ) 
Gnd wilh &.1 we 6bfarn, S se ; 
. ie: “2 #4) _ ft 
Capt = Cee et Bh ee 8 


4 C144 in.® 
ven pet 
: ia ) 


= e272 
Lh 


5.103 A gas expands through a nozzle from 
a pressure of 300 psia to a pressure of 5 psia. 
The enthalpy change involved, fh, — hz, is 150 
Btu/Ibm. If the expansion is adiabatic but with 
frictional effects and the inlet gas speed is negli- 
gibly small, determine the exit gas velocity. 


Because of the Qppreciable pressure drop mvolved in this 94s How 
we consider this problem 7 involve compressible flav. fom 
Eg. 5.7/ we obtain 


(ete) 


z iso Oh (ine ft Ge ee sy 


2740 tt 


5 
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5.{04 For the 180° elbow and nozzle flow shown in Fig, P5.104, 
determine the loss in available energy from section (1) to section 


(2). How much additional available energy is lost from section 
(2) to where the water comes to rest? 


Pp, = 15 psi 
Vl = 5 ft/s 


FIGURE PS. /04 


for solving the first part of this problem, the Control volume 


shown in the sketch above is used. Jo determine the loss 


accompanying flow tram sechm / to Sechon 2 9. 5.79 can be used 
as follows . 


, 1055 = F-h 
. HME 
/? 


x-y Coordinates are speci Fred we assame that fhe How 
/s horizon ta / and z, - = =O. Also, "94 ae = 
Fron =the cmservahon Of mass 


V = VY A, = 
ee “(7) 


2 1 
¢ ‘ wy gz, - 2) 


Sice 


O Pi. 


princes ple we conclude that 


Thus 


2,2 
ing 9) i GIT. ge Hey] 
jest, (s mm yA “a. 


(ak! 65 #) f gf tah 1h te 
(1-9 f) ey (ame) 


pled, we gd. Tel 
= Sap 


For the second part of this problen, we consider the tow of a 


Hurd porticle frm sechon 2 a shate of vest, 4.£9. 679 leads #o 


2 


5, = x 


Note that we Foie: assumed that he P= Py sd 7 =% 
Taus 2 Io 
}2in+\/] 
55, = ue) aalics } Slug. ne 


Oss 200 fe ee 
2! A SUG . 
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5.195 An automobile engine will work best 
when the back pressure at the exhaust manifold, 
engine block interface is minimized. Show how 
reduction of losses in the exhaust manifold, pip- 
ing, and muffler will also reduce the back pres- 
‘sure. How could losses in the exhaust system be 
reduced? What primarily limits the minimization 
of exhaust system losses? 


We amply tae energy Guano (&y.$-¢3) to the tow frm the 
engine block, exhaust manifold wleraa fy fhe exhaust Sy shorn 


exit vo get 
2 2 
‘i = ae t (Coat - pin + pl loss) C1) 
With Eg. 1 we see that reduchon OF (oss mm the exvhaust 


System results in a lower Value of Z, Qua thus rhe engine 
back pvessuve. Losses in the exhaust sysho, conld be 
feduced by eliminat’ G9 Mmagjw loss Component such as the 
Catalytic converter ana the muffler @5 1s offen done 
wn Face cars. Howe ver noise and emissions legislation hmits 
the exkent to which fais kina of loss reduction can occur 

in convenfronal yehicles. Some loss reduchon can ako occur 
by contiguring the exhaust Sy Stem piping wilh fav bends 
and aypropriate area adistibufions. However, 

veguireménts often lads to bends and turns im the plom 
and Costs limit the extend of option’ 3ing avea dst bub ong. 
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5.107 (See Fluids in the News article titled “Smart shocks,” Section 
§.3.3.) A 200-lb force applied to the end of the piston of the shock ab- 
sorber shown in Fig. P5S.107 causes the twoends of the shock absorber 
to move toward each other with a speed of 5 ft/s. Determine the head 
loss associated with the flow of the oil through the channel. Neglect 
gravity and any friction force between the piston and cylinder walls. 


From a force balance on the cylinder 


PA, in =200/b 
or with 


fi ah =200b/(E (; 7a ft)*) 


ed, 67 x10" = =25Spsi 


From the energy equation, 


ft +2,1f0 - -h i aoe, es where 


Z,*2, , y- 0Y42s2 tf, = 255 posi, and fn = 2 Assume & = 50 fi. 


3.67x/0" FR +H (6 Ey 
(So (504) * 2G2.28) 


= 734 f4+0,308 1 = 734ht 
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5.108 What is the maximum possible power output of the hydro- 
electric turbine shown in Fig.P5.108? 


Turbine 
BFIQURE PSs.108 


for flow from sechon(t) to sechonfz), bg. $.82 yields 


2 
Y £92 t “yefp ~ P55 Cid 
2 fet in 
Nee haps E./ can be expressed as 
ner in net out 
za 
9(#,-2,)-% = oss 
het out z 
The maximum work or power output /¢ achieved when /oss=o. 


Thus 


W. = m Ww 
shaft shaf} 
Net out net out 


Maximum maxymun, 


2 2 
= OYA = pV WO _ [VQGk r lim 4 
i ie = (ME Non 4 . "4 


_ Voiagt = (7 7/0 rye 2 )( 50m) - (6 PMS 


maximum 


ba ) 


° 


= out ae ° Wm se F 


net out 
maximum 
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5.109 
| 


5.109 The pumper truck shown in Fig. P5.109 is to deliver 
1.5 ft/s to a maximum elevation of 60 ft above the hydrant. The i, 
pressure at the 4-in.-diameter outlet of the hydrant is 10 psi. If head ‘ 
losses are negligibly small, determine the power that the pump \ 
must add to the water. 

60 ft 


10 psi it} — + —t — 1 —F— $3 
din. TE tenet 21S nes rere 
diameter 


Hydrant 
BFIGURE P5.109 


To selve this problem we first use the energy €94 aten (4 S:H) 
fr flay tom the hydrant exit) ) % the maxirurs des/wed 
Clevatim of 60 t+ (2!) Jo get A, or mn This CASE , the pump 


head. With the pump head we Can get the pum wer 
trom £G - £ 8S. a pitas | 


r) 0 2 e 
AE es t= Ba a a th Wl 1 
e /29 e 29 | 
2 | 
A= 4%-2,-f -% | 
fs 


A, (az) : 7/4) a | 
¥ /2 42> 
fed. 2 
h, = 60 f#- (io .)(m4e B) — (19.2 tt) sEeeeae 
cme! - | 
(4-4 re 2(92.2 # ) 
h, = G29 ft omnes 
a = (CREE B Jezan, 
he: #° 5 (550 ttib ems 
S. hp | 
; = 4K fh | 
Wyatt oniwrd 
net In 
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5.1/0 The hydroelectric turbine shown in Fig. P5.1/0 passes 8 
million gal/min across a head of 600 ft. What is the maximum 
amount pf power output possible? Why will the actual amount 
be less? 


From the pil equatyjon ia: 0 = 
Piiz +“ ah =) = +z a Turbine 

, (2g "Ss 6 fe a BFIGURE P5.1/0 
where f°, fr ie and \y = 20 

Thus, 


b= [z- Z,) +h, + — a 


And the power is given by 


W,, = 20h =LQl(z, 2 )th+ 2] 


The maximum power wovld occur if ti were no losses (h,= 9) 


and negligible kinetic energy at the exit ( 470. large diameter ovtlet) 
Thus, 


al 
Wars = UO (z -2#) = 62. fe 7, ( 9x/0° 14 ) i) Hea) ts 00f}) 
a 


-6, on! oF ote) =-/,21x 10° hp 


The minus Sign is associated with power Out. 


The actual power will be Wese by amounts correo pod ing to los 
and exit Kinetic energy - 
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§.111 A pump is to move water from a lake into a large, pressur- 
ized tank as shown in Fig. PS.11 1 at arate of 1000 gal in 10 min or 
less. Will a pump that adds 3 hp to the water work for this purpose? 
Support your answer with appropriate calculations. Repeat the prob- 
lem if the tank were pressurized to 3, rather than 2, atmospheres. 


pie) SN ee ee 


| FIGURE PS.111 


fi +2, rd th, a = G12, +f 3g where f= 9, 2,70, 70 and 2222041. 
Thus, 
(Oh, =p + Bez, 
Also, 
Q -{y0004al) /tiomin)] (2) pon) 2,278 i 


SO that, ft. Ib/s 


= sua ks 
N= er (62.428 \(oza3 $8") vet 


(a) Jf - =2atm = 2(147 sb )( M#4n'/pp) = 4230-6, , then from Eg, (i) 
Ib 


Rectal 
"(62 2,4 4.) 
Ths s 
i= h- -97,.9 ff =//9tt-879H = 31.24} the given pump will work for f= 2am. 


+20! = h, +87,8 ff 


() If p= 3 at = 635044, then 


h, =h, + sao h, +1224 
3) 


Thus, if this pump is to work 


N9ft =h +1224 on ky £~3Ht 
Since it is net possible to have f, <0, the pump will not work for 1, = 3am, 


5 - 07 


§.112 A hydraulic turbine is provided with 4.25 
m?/s of water at 415 kPa. A vacuum gage in the 
turbine discharge 3 m below the turbine inlet cen- 
terline reads 250 mm Hg vacuum. If the turbine 
shaft output power is 1100 kW, calculate the power 
loss through the turbine. The supply and dis- 
charge pipe inside diameters are identically 80 
mm. 


We consider the turbine mlet and discharge to be sections (i)and(2). 
kv flow tom sections (1) te) & . 5.82 yields 


loss = FPi-R + 9 (2,-2,.) - ne Sh (1) 
Vis het our 
Since 
= Mm 
and 
Y shaft = ~ “shaft 


For power loss through the fuvbine we need 1 multiply Eg. | 
by the mass Howate, m, thus 


power loss => m (BF) + mg (2-2,) - Wy, (2) 
lad 


net ouf 
However 
m= = (991 49 \(4-28 ee = 4246 #9 
, m3 s s 
Also 
A. -(0.15 m Hg Mh, 9) = 0.25 m N36 Ay (ttm! N- ) 
mn S* Ag. mn 
- po =- 33300 N 
a 4 me 
With &.2 
power loss = (4246 5 ei A+ ane (120649 Vt omy 
- ' ALm 
s — (11x10 em) 
pouty loss = 950,000 Mm 2 990 RW 
S ——— 
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5.1/3 q Py. = 60 psi_ 


= 150 ft3/s 
Section (1) o: =3tt 


5.113 Water is supplied at 150 ft’/s and 60 psi to a hydraulic 
turbine through a 3-ft inside diameter inlet pipe as indicated in 
Fig. P5.1139. The turbine discharge pipe has a 4-ft inside diam- 
eter. The static pressure at section (2), 10 ft below the turbine 
inlet, is 10-in. Hg vacuum. If the turbine develops 2500 hp, de- 
termine the power lost between sections (1) and (2). 


po = 10 in. Hg 
‘vacuum 


FIGURE PS.113 desta’ 
For tlw between sections (1) and(2), &G.5-82 'ads to 


power loss “00 (A-A.) 98-2) WM - We) 
Five givin dike net out 
B= (-10_in. Mg ) OBS) U4 gs (322. )( 8 /b lie 8 Ib 
/2 2) aa ft 4” 
Also 3 
ye a2. a = (4)(180 #) = 21.22 tt 
‘ a 2 2 = 
A, TD, 7 ( 3##) s 
4 
From conservation of mass (&.5./3 ) 
Ve VA 2 VD. Ayp22 tt) GH 2174 & 
2 ih. / b (2 ee 5S 
From &4.! 
in. 708 4) 
power loss = = (194 slugs )(S2 SU nk es a“ }+ + 
aide? ina 
($50 £4 a lb /.9¢ an) 
#3 
32.2 ft \(io tt) (// Le 1.22 ##) (11.94 # f‘ Ib 
(: a ) slug. f ig) * + [é F 2) a kai ee 
- 2500hp 
or 


powevy loss = 30) Ap 
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5.134 A centrifugal air compressor stage op- 
erates between an inlet stagnation pressure of 
14.7 psia and an exit stagnation pressure of 60 
psia. The inlet stagnation temperature is 80 °F. If 
the loss of total pressure through the compressor 
stage associated with irreversible flow phenom- 
ena is 10 psi, calculate the actual and ideal stag- 
nation temperature rise through the compressor. 
Calculate the ratio of ideal to actual temperature 
rise to obtain efficiency. 


We assume that the air Compressor Operates adiabatitally 
An ideal Compression process is frictionless and adiabatic 
and thus according to £g. 5./01, it is a constant entropy 
or isentropic process. With Ey. &./0! we also conclude 
that an actral advabathc compression process wilh Friction 
must tnvelve an entropy merase. On temperate - Lntropy 
coordinates, the ideal ard actral Compvession processes 
appeay as sudicatd im the sketch bela. Also shown /s 


the 1/0 psi loss th staguation pressure due vo trichon . 
70 psia. z Je 3 

ca 4 2, achnel os) ideal 

9,2, Mess? 


me 
92, sdea/ 


We consider the air being compressea 40 behave as av ideal gas. Then 
from ©G5.1-8 and 5:11) a Cobain tr fhe ee processes 


Os Sieh ? ey verte oe _ £07 % 


and /4.7p5ia 
ds seta = on = (9H) Tobie a = G43 "R 
: ‘B) [4.7 fgslé 


es 


$-tlo 


( con’ ) 


Then 
actual stagration temperature rise * ae 
aud 
(deal stagnation 7m perature YISC= i, F ir 
Also 
efficiency = ‘oa idéa/ ~ To 1 267 R 
i 
lh 3032 
32 actual g,1 
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5.115 Water is pumped through a 4-in.-diameter pipe as shown 
in Fig. P5.115a. The pump characteristics (pump head versus 
flowrate) are given in Fig. P5.1156, Determine the flowrate if 
the head loss in the pipe is h, = 8V*/2g. 


BFIGURE P5.115 
Laz + M sh -h, = & Va 
Fort gg Te Oe taat ge : where f “f.=9, 2-0, Z, = /24 


V, =0 and V-Q/As. 
Thus. 


h, -h, = Zz, + Ye 3 with 
7 VE x 
h, = hy = /6-5Q qnd h, “854 = 53 ght 
There fore, 
Q 
l6-5Q = 2 = 
Q A E 


6) 


r 3 
(sbas)o +(5)Q-4-0, where g~H A” and Q-# 


Using the given data ; E£. q. (1) becomes 


9 
[rearzipy] Q” +SQ-4<0 
or 
18.3507 +5Q -4=0 


The positive root of £9,(2)is @) =0.350 ff 


(The negative root of £9.(2) has no physical meaning.) 


S-H2! 


Se] 


5.116 Water is pumped from the large tank shown in Fig. 
P5.116. The head loss is known to be equal to 4V°/2x and the 
pump head is A, = 20 — 4Q”, where h, is in ft when Q is in 
ft?/s, Detennine the flowrate. ‘ 


(Z)Pipe area = 0.10 ft? 
BFIGURE P5.116 


¥* 
Ai 42,449 th -h = = 2 +2, Me where fy = fn=0,% 23H, 22° zh, 


Ths i and VY, =0 
O Zth-he= - 
A Ve oy Pos 
h= 29 las al alae ae S/NCE Vee 


Hence, £9, (1) becomes 


Z,+(20 -4Q2) - 7] CU (Q42)* 
or ii ae 


ley) )+4@° =20+Z, ,where gn fi, A,~ ft”, and Q~ 


Thus, with the given data 


lee LAT : 4] Q’e 20ti3# 


or ; 
= ft 
Q=1.67 2 


L-3 
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5.117 When a fan or pump is tested at the 
factory, head curves (head across the fan or pump 
versus volume flowrate) are often produced. A 
generic fan or pump head curve is shown in Fig. 
P5.117a. For any piping system, the drop in pres- 
sure or head involved because of loss can be es- 
timated as a function of volume flowrate. A 
generic piping system loss curve is also shown in 
Fig. P5.117b. When the pump or fan and piping a) (b) 
system associated with the two curves of Fig. 

P5.117 are combined, what will the flowrate be? PREV Ey E17 
Why? How can the flowrate through this com- 

bined system be varied? 


fanjor pump 
piping system 


H, Head loss in 


H, Head across 


Q, Volume flow rate Q, Volume flow rate 


The flowrate of the Combination of the tan ov pump and the piping 
System represented by the two curves sketched above will corres pond 
to the mtersection of the two curves as indicated in the séetch 
below éecause this conditions Sabstres bottr components im terms of 
head and flowrate. 


H 


f 

| 

| 

| 

1 

| 

ral 

ee 

System 
To vary the flowrate through the combmed system, the Piping 
System curve 1S norma ||y altered as shown lbelw by changing 
the resistance to flow of the piping system. This could be 


accomplished, for example with a variable area valve. 
Hy 
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§.118 Water flows by gravity from one lake to another as sketched in 
Fig. P5.118 at the steady rate of 80 gpm. Whatis the loss in available 
energy associated with this flow? If this same amount of loss is asso- 
ciated with pumping the fluid from the lower lake to the higher one at 
the same flowrate, estimate the amount of pumping power required. 


BFIGURE P6.118 


Q= f0 jx = 0.173 i 
( 
Cogn Ot) 
For the flow fam sect (a) to secton(b) Eg. 5.62 (eads 4p 


fess «a satan Ey ONO R 4) = 2 


For pumped tlow trom secthon (6) + see tante) &%. $82 yields 


Stu 78 ft?) fe2. 4 
W,,5.08 [420° Hi) # loss| = Lq4 at (192) (6a2t560 fod 


net In 
filo Fel 
OF _ Wo Hh. 2.02 hp 7 
shatt J 
net in 
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5.119 Water is pumped from a tank, point (1), to the top of a 
water plant aerator, point (2), as shown in Video V5.8 and 
Fig. P5.119 at arate of 3.0 ft’/s. (a) Determine the power that 
the pump adds to the water if the head loss from (1) to (2) where 
V,= 0 is 4 ft (b) Determine the head loss from (2) to the 
bottom of the aerator column, point (3), if the average velocity 
at (3) is V; = 2 fUs. 


mw FIGURE P5./!9 


(a) The energy equation from (1) to (2) 
Ak +Z, th -h- & +2 +z, 


with 
fy = fat Vy<4 =O gives 


i = +2,-2, = 4H tiv h-5t = /2 ff 
Ts the pump gi Is 


7 . t+lb h 
=WQh, = 62.4 3 Bb og) (1p) 2246 TL (<5 AB) 


(b) The i we from (2) to¢3) 
fait gt Fa h -hy = 4 og 1% 
wHth 
h.= fa = Ve ai =O gives 


dtn* | 
hetea- ve /3ft- off - = /Ofl- 0.06244 | 


t- 6 


| P, = 50 psia 

S Vo = 35 ft/s 
5.120 A liquid enters a fluid machine at section (1) and leaves 
at sections (2) and (3) as shown in Fig. PS.120. The density of the 
fluid is constant at 2 slugs/ft®, All of the flow occurs in a hori- 
zontal plane and is frictionless and adiabatic. For the above- 
mentioned and additional conditions indicated in Fig. PS.120, 
determine the amount of shaft power involved. 


Section (2) 
Section (3)—"1 () 


f) P3 = 14.7 psia 
yy |,—Section (1) V3 = 45 ft/s 
A3 = 5 in. 2 
P) = 80 psia 
V, = 15 ft/s P 
30 in2 FIGURE P5.120 


for the trctionless and adjabahc tow through this tluid machine 
Egs. 5.64, 5.65 and $.76 lead 


= m (8 t V, m, (8 M) “ 
W, eft * We) ts Y i+ m, - 1V (i) 
net In 
since 
% Vv . ¥ a & . - v ; _— : — 
lal EA - (m,+ mt )4, - mM u-m, «= m (u,-U, ) 
‘ v v a 
+ mn, (U,- U, ) = 


At section hi 


= i ine 


mn, = Refe Se 5 ine =)(¥ #) - 3./25 ksi 


At section (1) 


; =f Stage) [30 VP 15 ft = 6.25 slugs 
m, = eA,V, ‘ FB reas mn. =) 5% r 


Fram conservation ot mass 


m= 4-m, = 6.25 ci _ 7.125 oP =, 3I25 Ss 
2 3 


With Ee. we obtain 


“Fan in Bnd), G0 


net A ae * ray: 


gy feta ai tn. é (is i BY ts a 


Z mid 


os Mi) BU Sa 


=-3).1 hp , the net shaft power is out (<0) 


as #, as 
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Section (2) 


§.12| Water is to be moved from one large 
reservoir to another at a higher elevation as in- 
dicated in Fig. P5.12!. The loss in available en- 
ergy associated with 2.5 ft?/s being pumped from 
sections (1) to (2) is 61V 2/2 where V is the av- 
erage velocity of water in the 8-in.-inside diam- 
eter piping involved. Determine the amount of 
shaft power required. 


8-in.-inside 
diameter pipe 


FIGURE P5.12! 


for the flw tom section (1) to Séction (2) Eg. 5.82 leads 


to 
iy “ra [90d Mim pelarraae WE) 


From the volume flowrate we obtain 


ee eee 


rT eae le & 2162 Ft 
y aL Bin. Y J 
—— 
Thus | trom Eg. / 
W = (1-94 slugs) sient 50 tt 
shatt ft? op (5 ) 
net in 
+ Got ee fy 1% ag EN woe 
rlay. tt /| $50 FF " 
ov Ap 
= 29h 
shaft ee 
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§.122 Water is to be pumped from the large tank shown in Fig. Nozzle area = 0.01 m* 
P5.122with an exit velocity of 6 m/s. It was determined that the Pipe area = 0,02 m? 
original pump (pump 1) that supplies 1 kW of power to the wa- 
ter did not produce the desired velocity. Hence, it is proposed 
that an additional pump (pump 2) be installed as indicated to in- 
crease the flowrate tothe desired value. How much power must 
pump 2 add to the water? The head loss for this flow is 
hy, = 250Q?, where h, is in m when Q is in m?/s, 
BFIGURE P5.122 


where 

fr=f279, <0, 2,0, Z.=2m. 

Thus, a 

h, = h, +z, + 2g : where V2=Sm/s so that Q 2A, Vj, =0.01m"(64/s) 
= 0,06 MY, 

Note: h, = Noumel + Jounp2. 

Thus, with f, = 250Q*=250 (0,06) =0.90m 4 follows that 


(6 m/s)” 


2(9./2,) = 73m 


h, = 0.90m + 2m+ 
so that 


’ 3 
W, = 0h, =(9.20%10°2, (0.08 F) (473m) 2 2.78x10° NM =2.78 kW 


Therefore, 
W, = Womps + Woumps. =2-78 KW, with Woumpr = | kW 


4 


Hence, 
Wpompa = 2-78 kW- IkW = |. 78 kw 


a 


5.123 (See Fluids in the News article titled “Curtain of air,” Sec- 
tion 5.3.3.) The fan shown in Fig. P5.123 produces an air curtain to 
separate a loading dock from a cold storage room. The air curtain is 
ajetof air 10 ft wide, 0.5 ft thick moving with speed V = 30 ft/s. The 
loss associated with this flow is loss = K wv 2/2, where K, = 5. 
How much power must the fan supply to the air to produce this flow? 


@ FIGURE P6.123 


2 
f+2,+0 ths -h, = Le +2, 
where loss - Va. 
p= f2.20, 2,722, 4.79, and h, = > ie 


W, =30h, « eg A, veh, =(0.00238 2H8)(32.2 £4 E io H\o.se(30Lt) (83.944) 


fib 
= 964 = (see) 


shit hin 


5-1Z0 


5,124 — If a2-hp motor is required by a ventilating fan to pro- 
duce a 24-in. stream of air having a velocity of 40 ft/s as shown 
in Fig. PS.(2@, estimate (a) the efficiency of the fan and (b) the 
thrust of the supporting member on the conduit enclosing the 


W FIGURE P5.124 


(a) The solution to this port of the problem, is hkhe Example rina ia 


We use 
W snatf 


fo Caleulak the. fan eth ciency, 


We use the eroryy eguahin(G.532)b tov throwh the 
Comte volume skekhed above 70 calculak the hss as 


WV hatt - loss 


follows 
2 2 
an Ys +92 = ia +4gz,+ Wehaft — /oss 
Pie ey ae i= net in 
bat Sf ted B= 5 4 28 weteth = AL 
he 70? In ™m 
Also he eA = ee 
So = . 
loss = shaft — Va = AP : A 
in “2, Ts V a 
RT. 7 
Ft. id 
Z —_—_—- 
loss = - ea Ey | BR: (¥0 ft) 


= Ne area rs ae 
[4.7 4 f tin. ba ae 4 Ibm: #4 
Melap) 
aire 


(con't ) 


Joss = ge Flo _ 24 F 4. Ie =/7.2 Fe 


ler, Vbyy Vez, 
yy FEM f9.2 FM 
Vb mn ‘ lbn 
/ ‘ = 0.56 
yy Ftlb _— 
bm 
For 


(6) We use the hovizonta! cunponent of the l'near 
Momnen hurry equator, * evaluate the anchoring 
tive regusred 70 hold the fav wy phce 


Fo = Ym 


AX 


Fron pavt (A) 


7 
id ce $3.3 Loe woe 4 


= 
Us 
ie (yo # EH FF) aie Xe 


AX 
(322 that = 
1b. 9> 
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5.125 Air flows past an object in a pipe of 2-m diameter and 
exits as a free jet as shown in Fig. P5.12$ The velocity and 
pressure upstream are uniform at 10 m/s and 50 N/m”, respec- 
tively. At the pipe exit the velocity is nonuniform as indicated. 
The shear stress along the pipe wall is negligible. (a) Determine \ 
the head loss associated with a particle as it flows from the p=50Nim y~jomis- 

uniform velocity upstream of the object to a location in the wake 

at the exit plane of the pipe. (b) Determine the force that the air BFIGQURE PS§.125 
puts on the object. 


(A) To dekrmine the loss suffered by a fluid particle as it fhws 
from (1) to a locaton yy the wake at (2) we apply the 
sek eguation ( €9- ae to that pepe tla fo get : 


fe a ee 
ba 


a Flee 
t a 29 2 
2 
ee “4 @ 
_(% m pn ey + (Po / m) — (‘ F/ = at © 
Z 
" (am) fe 2 , (981 22) 2(9. 8 2) 
To determine the head loss associatd with the Ente flow 
ACross the Object we use the non-uartoom thw energy epuahon 


C Ey. 537) for tlw fron, (1) to (2) ee fhe Contbe/ volume 
Le 9 The skelt fo ger : 


— kh 
Avie Ee Ef: eh tw 
o 


From &9. 586 we get: fe | Ay 
xvV V Y. 
—- Sz C nda = 29 = - —_—_ 


Y i /net in ft) 


So 


Z = as 
4 ms [?VA 
Ee. be %- coh 
3 (L) becomes y ‘i 
2 — pV.n dA 
Rass oe Me aah ce ile 
ee fe V, 
Pua + PA), 


“)3 


(con’t J 
£-123 


pod Delt ogy (72) ie “ins jo(tey abel 
"fe “) 2(4.f2) x 'g ) (4 pyntind + (2m) Gnfin) 


h, 22-590 
(b) 76 dekrmine the tree. that the air puts on the object, Le 
we use the horizontal Component of the hnear oe 
Lovato to get : 
2 
~pv,~ A, ae fee tate 
= = 
and Thus 
R= pa, + 


a> rhe sae ss 2)% ram)? < es) 


Law by loach teHl ag stash ae 
me ail a ae mm. Ry 


S-124 


5.126 Water flows through a 2-ft-diameter pipe arranged horizon- 
tally in a circular arc as shown in Fig. P5.126. If the pipe discharges 
to the aunosphere (p = 14.7 psia) determine the x and y components 
of the resultant force exerted by the water on the piping between 
sections (1) and (2). The steady flowrate is 3000 ft?/min. The loss in 
pressure due to fluid friction between sections (1) and (2) is 60 psi. 


Vdlume 


XN 


BFIGURE P6.126 


Jo determmne the x and y components of the resultant ree exerted 
by the walter on the piping between sechon Cr) and@) we use the 
X and y Components of the ljnear momenten eguaton (£9 $22). 
For the contro] volume Containing the water jm the pipe behween 
section (i) and (2), &g. 22 leads fp 
z 
Ry Ue Se, = ee: 
¥ 


and | 
R, = BAT uPe (2) 


The reSultan? force Component iD) Es. 4 OGma42 are €xtrhed by The 
pipe on the waler, The resulfen} forte of walker on pipe Cual in 
magni hade but opparte in Aivechon. 
To dekrmme PP, we use the Chergy Cguatlm , Eg. 5.82. Thus, 

P = plloss) = 6o psiz 74,7 PSIA (we need ty use absolufe pressures ) 


Als tH? 
a = é i: = (3000 x.) 


a) 


= /5.92 ft 
5 


a 
‘Be EG? W2tt) G05 ) 
4 a 


min 


and 
Vv. = Y = (5.92 ay 


i ‘ 
With €9. / we obkim x : 
. (att) (144 im ) (15.92 Ft )/ 1.94 Slugs swoolt yi 2 \ 
60 £ ) 
mn 
-92.2 oolb 
and the x divechon Caynponent of the force exerted by the 


water on the pipe between sections ()) and (2) 3s + 32,200/6. 
(con't ) 


$~(2$ 


(con't ) 


Wik Eg. 2 we obtain 
Acrpsia tee lori?) + (75.92 Lt \ 1.94 a (3000 f ft = §/90 | 
pelrapiamie i) (15.92. # ) (1 2) pe fr oe loz) 90 Ib 


Gna the y- divecton ee of the ms) 


frre exerted by fhe waky on the pipe between Sechons 
(Gj) and @) is ~ $190 Ip. 
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5.127 Water flows steadily down the inclined 
pipe as indicated in Fig. P5.127. Determine the 
following: (a) The difference in pressure p, — p2. 
(b) The loss per unit mass between sections (1) 
and (2). (c) The net axial force exerted by the 
pipe wall on the flowing water between sections 
(1) and (2). 


\ 
~ 
Sh: 
wy 
Ts 
AD 


Mercury 


(a) Ihe arffevence in pressure, P-P,, may be Obfamed from the 
manometer (see Section 2-6) with the fluid statics equation 


pep 2 & [stt) sins? + 6%) ] yy (6m) 
is =e (1? wa.) kg (3 ia 
or r #) 
7 . ‘ ) = 237|b 
E-F,. = F294) [en Sin30° + (os #4) + 03-6)(62 a tt) ge 
and 
-p = 23746 —__ = (65.56; 


(b) The (oss per unit aoe between Sections (1) and (2) may be obtusied 
with &3g. 5.79. Thus 


y* / 


af < OTIS ms 
1055 « a ¥ ile t 92, -2,) = FeV slug 
or er 
loss = 203 ove Ib #2228 YS HS t= -. ot) 
Stag 


(c) The net acial ore exerted by the pipe wall on the Howing be 
water may be obtained by Using the axial Component of the /ineav 
momentum C4uation ‘7 $22). Thus ty the Conhol volume Shown abwe 


Cs a? (- p.)- a *(L) sin30°=_ oe (p- pyr elsin se | 


x% 


or 
Sia. « ($2) [omg + (64 myst al 
Ke.” 12 da f?? 


and 


gp - 72216 2 7221 opposite te flow direction. 
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5.12% Water flows steadily in a pipe and exits as a free jet 
through an end cap that contains a filter as shown in Fig, P5.128. 
The flow is in a horizontal plane. The axial component, R,, of 
the anchoring force needed to keep the end cap stationary is 
60 lb. Determine the head loss for the flow through the end cap. 


Area = 0.12 ft? 


BFIGURE P5.12¢ 


The y-component of the momentum eqvation, 
i we VndA-s Fy, tor the control volume 
“Shown is 
V, e (-V,JA, +(-V, sin30°)o Va, Az = fA, “Ry 
where. V, o oft/s and 

a= A VY, =( SE) (10 Hts) = 12 Hs 
Thvs, since PA,V, =CAzVs, Eq.C1) gives 
pA = ky - eA, - eV, 3in30°A, =F y~ PAY, ly Se 


= 60/b + 9 3 2) (0.12 4*) (10 E)[10 E +12 # sinz0"] = 22.815 
Hence, 


fy = 22.81b/A, = 22.81b/ (0.1242) = 190 1b/#t? 


From the energy equation for this flow, 


i 
a or 


Zt 
" 2 V2 _ 190 Ib/e? Clotysy (12s) _ 
h, ~ i +e 29 62 .4Ib/ES + TS (32.2 Fie*) 2 


-36 
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5.129 When fluid flows through an abrupt expansion as indi- 
cated in Fig. PS.1__, the loss in available energy across the ex- 
pansion, loss,,, is often expressed as 


where A; = cross-sectional area upstream of expansion, A, = 
cross-sectional area downstream of expansion, and V, = veloc- 
ity of flow upstream of expansion. Derive this relationship. alternate Section (2) 


location of 
Section 0) FIGURE P5.129 


Section (1) 


Applying the energy equation C&g.5.82) to the flw from sechomll ) 
to sechon(2) we obtain 


jos = Be yn (i) 
x SS een 


‘ae 2 
Applying the axial divechon component of the /near momentim 


Cguation (&g.$.22) to the flu'd contained in the contol volume 
from sechon () to Sectton(2) we obtam 

R,, BA,- RA, = “Y PAY, i VY PAL% @) 
Now, if we consider Section (1) as OCU ¥ Ying at the end 
of the smaller ciametr pipe ( the beginning of the larger 
diame ter pipe ) Gs indicated m the sketch above , Eg./ sh// 
yields the expansion loss and &. 2 Gecmes 

Rta RA, * = Meth + ed (3) 
Note that with section (I) positioned at the eha of the smaller 
dAiameler pipe, P ads over area A, . Also, Secause of the 
jet fly tran the smaller diameter pipe to the layer 


diameter pipe, the Value of fh, will be small Chengh compara 
to the other Terms 4 €g.2 that we can Avy RK, + From &.3 


FA i Oe a A, (Y 


_ 


/? ee 
Comb) ring Ef5- / and ¥ we obtain 


Gaw tovervabon of wees CEB S12) PX have 
L=4A, 
Ax 
Comme ning fe 5 ana & we ger 


a Afi - Ae oe fi 4) 


2 L 2 
V 2(/Ar) 2 Ar ei 6) 
a AL A, A, 


cs 


2 (‘- A, 
A, 
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[5.130 
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5.120 Two water jets collide and form one homogeneous jet 
as shown in Fig. P5.170. (a) Determine the speed, V, and di- 
rection, @, of the combined jet. (b) Determine the loss for a 
fluid particle flowing from (1) to (3), from (2) to (3). Gravity is 
negligible. 


V; =4mi/s 


mw FIGURE P5.130 


For the water flowing through the control volume sketthed above, the 
A- ANd y- director COmponents af the linear momentum equation are 


-\iov, A, + V,ceseeV,A, = © (1) 
and 

-VieV,A, + V,9in 9 eV, A= 0 (2) 
From the conservation of mass principle we get 

- eV, A,~ pVaA, + PV, haz (3) 


Combining Eqs. 1 and 2 We obtain oy 
dug a Srey LAO GG) 7 


Via. vad ae cee 


v, Mee (emmy peieg 


30 
| -) 
O= tan 0.3086 = 122 
Now, combining Eqs. | And 3 we get 


-VieA,+ V,Cos & (eV, +e vAz) =O 


or - 
“ae Vy A, V2 A, 
37 —_—_—_—_— = andy aes ie 
0S © (VA +V,A,) ws 6 (Vd +V,d, ) 
Thus 2 2 
: to) m . 
( cos $2.2 YC + (91m) + (6 )(o.tam)~ | 
ava 
A = +29 e 


(eon't ) 


-/3/ 


| 5.130 | (con't ) 


To determine the loss of available energy associated with the 
flow thidugh this Corto! volume we obtain by Opplying she 
energy equahon ( £4 . 5.64) 
ot ake se i Me Ns beg EN. 
(4,+ Mia, - (H+ Mem, + (H+ are 5 ee 


2 


3 
Also, the conservation of mass C4 uation , £4.3, tan also be 
wWrrten as 
“WM -4tn Fh, = O (5) 


Combining Eqs. 4 and 5, We obtain 

» (liy-6,)+ mi Clet, \< WRG lo Ree 

rn (Ug 1) oh ae ae = th, (Victs \ 4 hoes) (6) 
The left hand side of Eq.G Vepresents the mle of available 
energy \oss in this fluid flow, Thus vate of available enorqy loss (S 


be of less = VA (V,-%5 \ 4 ovpAr( Va-V, 
wen na te) 
2 2 2 i” oe 
rate of loss = er ems + div, (Va-Vy ) 
Lu 


Thus +a N.S” 2 2 
rode of loss = (om wat YI eq. ) (d.lom 4 =)\¢ z)-uns)| 
4 z 


oY 


2 @ u 
and 
rate of loss = 558 Nem 


—_—_—_ 


a3 
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5.13/ Water flows vertically upward in a cir- 
cular cross section pipe. At section (1), the ve- 
locity profile over the cross section area is uni- 
form. At section (2), the velocity profile is 


Rep . 
V= k 
v.( =) 


where V = local velocity vector, w, = centerline 

velocity in the axial direction, R = pipe inside 

radius, and, r = radius from pipe axis. Develop 

an expression for the loss in available energy be- ard 

tween sections (1) and (2). —s Q) 
Flow 


For determming loss we use The Cnergy egnanhon tv non- 
Unitorm flows, Eg. 5.87. Thus , 


me — we ew oO Orr lc ll 


—2 — 2 
Joss = . x = 8 Ma 


+ 9(®,- 2) (1) 
2 
Fram comservafim of mass (tg. 5/3) we have 


Yst 


; 2 


Also, with Eg. $076 fe the kinehc energy coethclend & we 
have - 


& =/.0 
Sinte the velocity, prohle at sechan(s) 1s Unrtrm. At sechone) 


we solve €3-5°86 (see. solston fv Pwblem 5.125 (C) ane obhtin 
OY =d-06 


2 
Dus, &3-/ yields 
2 


Joss = f-& - 0-066 V, FO ta Ze) 


— 


f? Z 
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5.132 The velocity profile in a turbulent pipe 
flow may be approximated with the expression 


where u = local velocity in the axial direction, 
u. = centerline velocity in the axial direction, 
R = pipe inner radius from pipe axis, r = 
local radius from pipe axis, and n = constant. 
Determine the kinetic energy coefficient, a, for: 
(a) n = 5; (b) n = 6; (c) n = 7; (d) n = 8, (e) 
n = 9; (f) n = 10. 


For the es energy coetGiclent <, we may “ee Eg. a 8. Tus, 
ed 4 ou 20rd _ of elE)ag)_ 202 f (- es -9) (i) 
(4 TR a a? a? 
a 


For the wi veloci ty , a, we may use £g.5.7. Thus, 


2Trdr ate 
_ fie ” 2 f" w/t ae) = 2u.[(-£) (£) Uz) (2) 
pIrR* sf 
Jo facilitate the inkgrations we make the subshtytion 


Arl~§% 
Thus 
da =- UE) 
and &.2 becomes 

u = —2uU, fe *(r-a)d 1 = 


Zn™ up 
Cr+) (2an) 


a Eqs. 4 3, 4 gue 5 we obtain 


-2z ‘4 A* (tg) AG +| Zz n* eeeennt G) 
, a * sane: meee eee | hor ae 
" [& Snes (3 thy(3#2n) 2n 


(G) For n= 3, Eq. b yields ; 
a= f 208) Gren) 1 
(3+5)[3+26)] 2/5)? Lal.’ 
(b) For n= 6 


Look at Figs. B.17 and EID 

for important wntormation about 
these different veloc ty 
profiles. 


£-134 


§./33 


5.133 Asmall fan moves air at a mass flowrate 
of 0.004 lbm/s. Upstream of the: fan, the pipe 
diameter is 2.5 in., the flow is laminar, the ve- 
locity distribution is parabolic, and the kinetic 
energy coefficient, a, is equal to 2.0. Down- 
stream of the fan, the pipe diameter is 1 in., the 
flow is turbulent, the velocity profile is quite flat, 
and the kinetic energy coefficient, a2, is equal to 
1.08. If the rise in static pressure across the fan 
is 0.015 psi and the fan shaft draws 0.00024 hp, 


compare thevalue of loss calculated: (a) assuming 
uniform velocity distributions; (b) considering ac- 


tual velocity distributions. 


(a) For uniform velocity Aistvibutions upstream and downstream of the 


fan, &q. 5.82 is applicable. Thus, > ala 
2 2 
Joss = Fam tut yp aap + 968 f Pat) T Vepate a) 
72 2 net in 
We obtain the shart work, Ww, hy hate trom the given shat? paner, W Oe Wi th 
Weaatt neh in thle net te 
"shaft = net in  _ (0, 00024 hp ) (250 - 33 ft-& 
For V;, and VY, we use &3. Sill. Ther, 
ag 2 mw (et $2)0 we Bo) _ 1534 
th ee ee s 
PAin fis (2-38 10 stag Me ) (32. 2 thm) (2: fie) 
2 ¢ ¥t? slug 4 
an : : thn - 2 
a ae (0.004 4 ) (ey oe) 


V, en! ee = f? 
Out D ae a = 7.57 = 


(2:3¢x so? sig tug )(32.2 th ‘bm ee Lin 
Now frm Eq. we obtarn, oe 


ee bok ve epee TE foo — (9.57 ff) (ex): 
Shug. 7 
oe, 


7 2.2 tom 
2:38 x10 slug \/32.2 sd 
ey hae g 
or 
pss 3s PELL eae He 
= : lbrn 


(b) Fr non-uniform velocity distr ibutjons upstream and downsfeam of the fan 
£9.5.87 /s applicable . Thus - o fer Gh 
- %, ft out + Ug nc, 


Joss = Lin “taut + Ty Yn Zour) + “shaft 
— 2 
set 19 €4- 16 me S32) — (.08)(9-57 Bt) ) ie 
loss = > 28. lam + if 2 ee os Flug. Et 32. 7m 
Shug 
od 
af £3 $37 Ft.le 
loss = 3.36 7% /bm 


i —— lbs 
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5.j24 | Air enters a radial blower with zero angular momen- 
tum. It leaves with an absolute tangential velocity, Vs, of 200 
fUs. The rotor blade speed at rotor exit is 170 ft/s. If the stag- 
nation pressure rise across the rotor is 0.4 psi, calculate the loss 
of available energy across the rotor and the rotor efficiency. 


Zo determine the (loss of available cnergy across the votor 


we use the energy equation (69.592) obtain 
neglect 


o 
Fin — Pout yn is 
Joss = neh En 900, Pout) + Uehat 
?? 2 ACH tn 
or 
/OSS = 4 th Je : aa et eo ) 


net mn 
lhe shaft work im , ~shate cen be oblained Wilh Ihe manen}-of- 


net 


momentum Work Cj uation ee. S:5¥). Thus, 


 shatt- = Chat out (2) 


net tn 


Combrai'ag bys. ) aud 2 leads tp 


= fain ~ 4, mt 
foss = fete ~ 10, ml + ey, a 
? 
OF 
ta? 
fos OHO) 4 fro Hy awot ea 
(238% shay /)_te 2:38 X10 ay a Slug, tt 
ff? e- thy, ft 
and 
oss = Yoo tt le = 9800 fb Ib = 305 Ft 1b 
= Shi 5lug (32 174 loon Lt hug ) — hm 


As was done in saris 5-24, we caltulak yotw efheiency tum 


“shaft - loss Vv, - /oss 


votre efticioncy je lg Ee eee 
Wshatt Us %o 


net tn /] /é 
rot efficiency = G20 2” Ligz) ef cag 2 2 47! 
10 NEN ig EE) * 
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5./35 Water enters a pump impeller radially. 
It leaves the impeller with a tangential component 
of absolute velocity of 10 m/s. The impeller exit 
diameter is 60 mm and the impeller speed is 1800 
rpm. If the stagnation pressure rise across the 
impeller is 45 kPa, determine the loss of available 
energy across the impeller and the hydraulic ef- 
ficiency of the pump. 


The analysis of Example 5.27 is applicable solving This 


problem. Using &4.6 of Example 527 we obfain 
Actual tofab presuve rise across lm pe her 


loss = Ci. = aa 
However iz 
m 2 rev 
Gs EW = (60 mm ) (1300 oar ee 566m 
ZN1000 rm ) 60s. 5 
m ae 
Thu s 
N aie 
loss =« 56% re - (¢ 
a a om pee 7) 
loss = 116 4” 
— iy 


From Eg. S of Example 5.27 we obtin 


achyal Total pressure nse across impeller 
—— 


wil lise M wos) 
= Log! wll ee 6 
7 A—} 


(5.66 BY (506 Ysa ay 5B) 
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5.136 Water enters an axial-flow turbine rotor with an ab- 
solute velocity tangential component, Vg, of 15 ft/s. The cor- 
responding blade velocity, U, is 50 ft/s. The water leaves the 
rotor blade row with no angular momentum. If the stagnation 
pressure drop across the turbine is 12 psi, determine the hy- 
draulic efficiency of the turbine. 


determine the ef ficiency of the turbne we use 


" - _actual work out 


(1) 


actual work out + Joss 
The actual work out, Whar , 1S obtained with the 


ne? out 


moment - Of — momentum work eg uation (9. 5:54) . Thus, 


LJ — —_— 
we = Waal =e UY. (2) 
het out ne? In ‘n Gin 


7o determine the loss of available energy. across the 
yotor we use the en uation (€4.§.82) % obfas 
“79 ee : al 7 
/oSS = ee fF - Ys, ~ “Our pb 90,701) t «chub (3) 
f? 2 NEF dn 
Combsning Egs. Zand 3 we. obfam - 
date = 1 et EE () 
e e 
Combining Eps. 1,2 anc # we obtain 


pees Us th (50 af XY S (sig. H, 7) 
feu fo aut (12 psi )( 144 2") 


fe (1-94 zie) 


#4? 
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5.437 An inward flow radia) turbine (see Fig. PS)37) involves a 
nozzle angle, a,, of 6()° and an inlet rotor tip speed, U,, of 30 
ft/s. The ratio of rotor inlet to outlet diameters is 2.0. The radial 
component of velocity remains constant at 2() ft/s through the 
rotor, and the flow leaving the rotor at section (2) is without an- 
gular momentum. If the flowing fluid is water and the stagna- 
tion pressure drop across the rotor is 16 psi, determine the loss 
of available energy across the rotor and the hydraulic efficiency 
involved. 


m FIGURE P5.I37 : 
An analysis like the one of Example 528 would be Appropriate 
for Solving this problem. Since a turbine is involved in this 


problem , and tram ER. ( of Example §.28 


eg ee 


net dn net our 
WE Can conclude that 


loss = Stagnation pressure mp across V7tor 
So 
However tram 9.5.54 we see that 


Wer att = OY saith 7 U — nat? 
het i» net out 
and thus 
Stagnation presume dryp acress roy = — UF Vn (1) 
Fe yc a ot iat tea 


72 
7o deterrmnAe the yalue of Y,, we examine the velocity triangle 


fov the tlw entering the es, "thas is shetthed belw. 
hom the velocity triangle we obtain 


es = VE, tan 60 


/0$5 


Or 


= (zo wy tan bo = WH B 
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From €3./ we obtain - 
joss = (1 2. )(44 fs ) = OE) ROT) oe ) 
Cn ON thy. tt 
fi 
loss = J¢B. ft tb 


slu if 


From Eg. 5.82, we Can Conclude that 


Ws ¢ bas = Sagnaen presare dy across the itor 
het out f? 


or in Othér vids, the stagnaton pressure ron acrass the rotor 
results in shaft work and boss of available Chergy . 


Thus 4 meaningful efficiency I's 


WO shatt 
4 = net ouf 


Vis 


/6 
Got) Gey me iy 


(M6 he) (7 Wx’) 
(74 vie 
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5.138 An inward flow radial turbine (see Fig. P5.137) involves a 
nozzle angle, a, of 60° and an inlet rotor tip speed of 30 ft/s. The 
ratio of rotor inlet to outlet diameters is 2.0. The cadial component 
of velocity remains constant at 20 ft/s through the rotor, and the 
flow leaving the rotor at section (2) is without angular momentum. 
If the flowing fluid is air and the static pressure drop across the ro- 
tor is 0.01 psi, determine the loss of available energy across the ro- 
tor and the rotor aerodynamic efficiency. 


Si 


0, 
30 ft/s 


SFIGURE P5.137 


To determme the loss of available Cnergy acress the rotiwr we use 
the eneroy €4usatio Ct -S.82). THs , 


/ E-B yu ec isd 
Os = zy CZ a 
5 > + co 902,/2, ) + Wyatt () 
= het th 
she shaft work , WY shaft , 1S obftiied wilh wae moment- ot -momentan, 
tin 

Work eguaton Ce ag Thus, 

a = oa aA / ee W sha Lt (2) 

nef t4 het out 
and Combining £y5. ( aud 2 yields 

2 
loss a FOR | Yr uv, (3) 
7 = = - O11 
To determine Yo and A , we Coushuct fhe ve lac ty triangle 


sketched bela. 


(con't) 
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With the velocity triangle we conclude that 
¢ 
y= (Z0% ) = 40 Ft 
eas g9°° : 
Ve. = Y Sin 60°= (40% ) sinéo° = 34.6Y E 
Since the +tiow leaving the rotr is radial, ther 
Yaz = Ze # 


Fo 


Frm &g.2 we obtain 


box = Cotellonis) 08) Cot Tat) 
use =) 
~ ft.Ib sis ty ao ew: 


joss = 'C = (166 Fel age “2 9.) 


Slug slug (32. 2. 174 *) ~ 516 ft lb 
The efficiency may be obtained wit Tom 
actual Work out UV, 
acthal wot out + Jose Uv. +t loss 
1 “6 


Or 


_ Go BCH, oF ale a = ) 


tt ft 
weal aaat snes <a i 


O. 56 
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5.140 Force from a Jet of Air Deflected by a Flat Plate 


Objective: A jet of a fluid striking a flat plate as shown in Fig, P5.126 exerts a force on 
the plate. It is the equal and opposite force of the plate on the fluid that causes the fluid mo- 
mentum change that accompanies such a flow. The purpose of this experiment is to compare 
the theoretical force on the plate with the experimentally measured force. 


Equipment: Air source with an adjustable flowrate and a flow meter; nozzle to produce 
a uniform air jet; balance beam with an attached flat plate; weights; barometer; thermometer. 


Experimental Procedure: Adjust the counter weight so that the beam is level when 
there is no mass, m, on the beam and no flow through the nozzle. Measure the diameter, d, 
of the nozzle outlet. Record the barometer reading, Hy, in inches of mercury and the air 
temperature, 7, so that the air density can be calculated by use of the perfect gas law. Place 
a known mass, m, on the flat plate and adjust the fan speed control to produce the necessary 
flowrate, Q, to make the balance beam level again. The flowrate is related to the flow meter 
manometer reading, h, by the equation Q = 0.358 h'”, where Q is in ft’/s and & is in inches 
of water. Repeat the measurements for various masses on the plate. 


Calculations: For each flowrate, Q, calculate the weight, W = mg, needed to balance the 
beam and use the continuity equation, Q = VA, to detennine the velocity, V, at the nozzle 
exit. Use the momentum equation for this problem, W = pV7A, to determine the theoretical 
relationship between velocity and weight. 


Graph: Plot the experimentally measured force on the plate, W, as ordinates and air speed, 
V, as abscissas. 


Results: On the same graph, plot the theoretical force as a function of air speed. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


ry 


Pant) 
Wier 


Counter 
weight 


FIGURE P5.140 
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Solution for Problem 5.140: Force from a Jet of Air Deflected by a Flat Plate 


(con't) 


Hatm. in. Hg T,degF Q=0,358h‘0.5, with Q in cfs and h in inches of water 


Experimental 
V, ft/s m, slug 
35.0 0.00069 
49.5 0.00137 
58.7 0.00206 
70.3 0.00274 
78.5 0.00343 
85.8 0.00411 
92.9 0.00480 
98.9 0.00548 
105.6 0.00617 
111.2 0.00685 
135:7 0.01028 
156.8 0.01370 
176.3 0.01713 


d, in. 
1.174 29.25 70 
m, kg h, in. Q, ft*3/s 
0.010 0.54 0.263 
0.020 1.08 0.372 
0.030 1.52 0.441 
0.040 2.18 0.529 
0.050 212 0.590 
0.060 3.25 0.645 
0.070 3.81 0.699 
0.080 4.32 0.744 
0.090 4.92 0.794 
0.100 5.46 0.837 
0.150 8.13 1.021 
0.200 10.85 1.179 
0.250 1372 1.326 
Experimental: 

V = Q/A where 

A= nd7/4 = 1*(1.174/12 ft)92/4 = 7.52E-3 ft*2 

W =mg 

Theoretical: 


W = pV’A where 


© = Datm/RT with 


Patm = YHg"Hatm = 847 Ib/ft*3*(29.25/12 ft) = 2065 lb/ft*2 


R = 1716 ft lb/slug deg R 
T = 70 + 460 = 530 deg R 


Thus, p = 0.00227 slug/ft*3 


(con't ) 
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W, Ib 
0.022 
0.044 
0.066 
0.088 
0.110 
0.132 
0.154 
0.177 
0.199 
0221 
0.331 
0.441 
0.552 


Theoretical 
W, Ib 
0.021 
0.042 
0.059 
0.084 
0.105 
0.126 
0.147 
0.167 
0.190 
0.2111 
0.315 
0.420 
0.531 


[S740 (Con’e) 


Problem 5.140 
Weight, W, vs Velocity, V 


= 0 3 | he Y © eapenmontal 
s , | | ——Theoretical | | 


0.2 - 4 
0.1 - —— 
0.0 : 
0 50 100 150 200 mh 
V, ft/s | 


— oa 
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5.141 Pressure Distribution on a Flat Plate Due to the 
Deflection of an Air Jet 


Objective: In order to deflect a jet of air as shown in Fig, P5.127, the flat plate must push 

against the air with a sufficient force to change the momentum of the air. This causes an in- 

crease in pressure on the plate. The purpose of this experiment is to measure the pressure es i 
distribution on the plate and to compare the resultant pressure force to that needed, accord- 

ing to the momentum equation, to deflect the air. 


Equipment: Air supply with a flow meter; nozzle to produce a uniform jet of air; circular 
flat plate with static pressure taps at various radial locations; manometer; barometer; 
thermometer. 


Experimental Procedure: Measure the diameters of the plate, D, and the nozzle exit, 
d, and the radial locations, r, of the various static pressure taps on the plate. Carefully cen- 
ter the plate over the nozzle exit and adjust the air flowrate, Q, to the desired constant value. 
Record the static pressure tap manometer readings, h, at various radial locations, r, from the 

center of the plate. Record the barometer reading, 42,,,; in inches of mercury and the air tem- — 
perature, 7, so that the air density can be calculated by use of the perfect gas law. 


Calculations: Use the manometer readings, h, to determine the pressure on the plate as 
a function of location, r That is, calculate p = y,,h, where y,, is the specific weight of the 
manometer fluid. 


Graph: Plot pressure, p, as ordinates and radial location, r, as abscissas. | 


Results: Use the experimentally determined pressure distribution to determine the net i} 
pressure force, F, that the air jet puts on the plate. That is, numerically or graphically inte- 

grate the pressure data to obtain a value for F = f pdA= | p (2ardr), where the limits of 

the integration are over the entire plate, from r = 0 to r = D/2. Compare this force obtained 

from the pressure measurements to that obtained from the momentum equation for this flow, 

F = pV°A, where V and A are the velocity and area of the jet, respectively. 


Data: To proceed, print this page for reference when you work the problem and click dere | 
to bring up an EXCEL page with the data for this problem. 


@ FIGURE P5.14/ 


(con't ) | 
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Solution for Problem 5.141: Pressure Distribution on a Flat Plate due to the Deflection of an Air Jet 


D, in. d,in. Ham, in. Hg T,degF Q. ft3/s 
8.0 1.174 29.25 77 1.41 
B, Ini hy in. p, Ib/ft*2 P, [b/in.42 p*r, Ib/in. 
0.00 6.62 34.42 0.2391 0.0000 
0.39 5.92 30.78 0.2138 0.0834 
0.79 3.04 15.81 0.1098 0.0867 
1.24 0.55 2.86 0.0199 0.0246 
1.59 0.19 0.99 0.0069 0.0109 
2.04 0.13 0.68 0.0047 0.0096 
2.41 0.09 0.47 0.0033 0.0078 
2.85 0.05 0.26 0.0018 0.0051 
3:23 0.03 0.16 0.0011 0.0035 
3.67 0.00 0.00 0.0000 0.0000 
P= YxH20"h 


P = Pam/RT where 
Patm = YHg"Hatm = 847 Ib/ft*3*(29.25/12 ft) = 2065 Ib/ft*2 
R = 1716 ft Ib/slug deg R 
T = 77 + 460 = 537 deg R 


Thus, p = 0.00224 slug/ft*3 


Using the trapezoidal rule for integration 
Fexp = 20*0.5*2,,00[(Pli +Priet)*(Fiet - 1))] = 22*0.5*0. 189 = 0.594 Ib 


Theory: 
F = pVA where 
A=nd2/4= n*(1.174/12 ft)*2/4 = 0.00752 ft*2 
V = Q/A = (1.41 ft*3/s)/(0.00752 ft*2) = 188 ft/s 
Thus, 
Fy, = 0.00224 slug/ft*3*(188 ft/s)*2*(0.00752 ft*2) = 0.595 Ib 


(con't) 
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OMANOD A AWD = - 


Pri+pTies 
0.0834 
0.1701 
0.1114 
0.0355 
0.0205 
0.0174 
0.0130 
0.0086 
0.0035 


Niet 7 0 
0.39 
0.40 
0.45 
035 
0.45 
0.37 
0.44 
0.38 
0.44 


(con't) 


Problem 5.1#1 
Pressure, p, vS Radial Location, r 


Problem 5.1%! 
Pressure Times Distance, p*r, 
vs 
Radial Location, r 


—@— Experimental 


—e— Experimental 


5.142. Force froma Jet of Water Deflected by a Vane 


Objective: A jet of a fluid striking a vane as shown in Fig. P5.128 exerts a force on the 
vane. It is the equal and opposite force of the vane on the fluid that causes the fluid mo- 
mentum change that accompanies such a flow. The purpose of this experiment is to compare 
the theoretical force on the vane with the experimentally measured force. 


Equipment: Water source; nozzle to produce a uniform jet of water; vanes to deflect the 
water jet; weigh tank to collect a known amount of water in a measured time period; stop 
watch; force balance system. 


Experimental Procedure: Measure the outlet diameter, d, of the nozzle. Fasten the 
@ = 90 degree vane to its support and adjust the balance spring to give a zero reading when 
there is no weight, W, on the platform and no flow through the nozzle. Place a known mass, 
m, on the platform and adjust the control valve on the pump to provide the necessary flowrate 
from the nozzle to return the platform to a zero reading. Determine the flowrate by collect- 
ing a known weight of water, Wwaer, in the weigh tank during a measured amount of time, 
t, Repeat the measurements for various masses, m. Repeat the experiment using a 6 = 180 
degree vane. 


Calculations: For each data set, determine the weight, W = mg, on the platform and the 
volume flowrate, Q = Wyaer/(yt), through the nozzle. Determine the exit velocity from the 
nozzle, V, by using Q = VA. Use the momentum equation to determine the theoretical weight 
that can be supported by the water jet as a function of V and @. 


Graph: For each vane, plot the experimentally determined weight, W, as ordinates and 
the water velocity, V, as abscissas. 


Results: On the same graph plot the theoretical weight as a function of velocity for each 
vane. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


@ FIGURE P5.1492 
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Solution for Problem 5.##Z: Force from a Jet of Water Deflected by a Vane 


d, in. 
0.40 
Experimental Theoretical 
m, kg  Wyater !b t, S m, slug W, |b Q, ftA3/s V, fl/s W, Ib 
Data for 8 = 90 deg: 
0.02 Lat 29.8 0.0014 0.044 0.0041 4.7 0.038 
0.07 8.66 18.2 0.0048 0.154 0.0076 8.7 0.129 
0.17 8.87 10.1 0.0116 0.375 0.0141 16.1 0.440 
0.12 8.92 12.6 0.0082 0.265 0.0113 13.0 0.286 
0.22 9.66 10.6 0.0151 0.485 0.0146 16.7 0.474 
Data for 8 = 180 deg: 
0.05 6.81 24.5 0.0034 0.110 0.0045 sya 0.088 
0.10 9.02 20.8 0.0069 0221 0.0069 8.0 0.215 
0.20 8.84 13.2 0.0137 0.441 0.0107 1253 0.512 
0.25 7.88 10.9 0.0171 0.552 0.0116 13.3 0.597 
0.30 8.86 alge 0.0206 0.662 0.0128 14.7 0.727 
0.35 7.97 9.5 0.0240 0.772 0.0134 15.4 0.803 
0.40 6.37 7.6 0.0274 0.883 0.0134 15.4 0.802 
W=mg 
Q = Wwater/(y*t) 
V = Q/A where 
A = 1d7/4 = n*(0.40/12 ft)*2/4 = 0.000873 ft*2 
Theoretical: 
W = pV*A for 6 = 90 deg 
and 


W = 2pVA for 6 = 180 deg 


(con't) 
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Problem 5.142 
Weight, W, vs Velocity, V 


V, ft/s 


5-/51 


Experimental, 90 deg 
Experimental, 180 deg 
Theoretical, 90 deg 
Theoretical, 180 deg 


5.143 Force of a Flowing Fluid on a Pipe Elbow 


Objective: When a fluid flows through an elbow in a pipe system as shown in Fig. P5.129, 
the fluid’s momentum is changed as the fluid changes direction. Thus, the elbow must put a 
force on the fluid. Similarly, there must be an external force on the elbow to keep it in place. 
The purpose of this experiment is to compare the theoretical vertical component of force 
needed to hold an elbow in place with the experimentally measured force. 


Equipment: Variable speed fan; Pitot static tube; air speed indicator; air duct and 90- 
degree elbow; scale; barometer; thermometer. 


Experimental Procedure: Measure the diameter, d, of the air duct and adjust the scale 
to read zero when the elbow rests on it and there is no flow through it. Note that the duct is 
connected to the fan outlet by a pivot mechanism that is essentially friction free. Record the 
barometer reading, H,,,,, in inches of mercury and the air temperature, 7, so that the air den- 
sity can be calculated by use of the perfect gas law. Adjust the variable speed fan to give the 
desired flowrate. Record the velocity, V, in the pipe as given by the Pitot static tube which 
is connected to an air speed indicator that reads directly in feet per minute. Recard the force, 
F, indicated on the scale at this air speed. Repeat the measurements for various air speeds. 


Obtain data for two types of elbows: (1) a long radius elbow and (2) a mitered elbow (see 
Figs. 8.30 and 8.31). 


Calculations: For a given air speed, V, use the momentum equation to calculate the the- 
oretical vertical force, F = pV7A, needed to hold the elbow stationary. 


Graph: Plot the experimentally measured force, F, as ordinates and the air speed, V, as 
abscissas. 


Results: On.the same graph, plot the theoretical force as a function of air speed. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Pitot static 
tube 


Centrifugal fan B FIGURE P5.1%9 


(Con 'é) 
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Solution for Problem 5.173: Force of a Flowing Fluid on a Pipe Elbow 


d, in. Hetm in. Hg T, deg F 


8.0 29.07 73 
Experiment Theory 
V, f/min F, Ib V, ft/s V, fs Fin, Ib 
Long Radius Elbow Data 0 0 
0 0 0.0 5.0 0.02 
1200 0.38 20.0 10.0 0.08 
1420 0.51 23.7 15.0 0.18 
1800 0.79 30.0 20.0 0.34 
2160 1.05 36.0 25:0 0.49 
2440 1.38 40.7 30.0 0.70 
2700 1.65 45.0 35.0 0.96 
2900 1.91 48.3 40.0 1225 
3100 2.19 51.7 45.0 1.58 
3520 2.83 58.7 50.0 1.95 
3750 3.12 62.5 55.0 2.36 
3950 3.38 65.8 60.0 2.81 
65.0 3.30 
Mitered Elbow Data 
1400 0.30 23.3 
1780 0.55 29.7 
2000 0.74 S33 
2300 lei 38.3 
2630 1.44 43.8 
2900 1.02 483 
3150 2.06 52.5 
3360 2.38 56.0 
3550 2.62 59.2 
3620 2.74 60.3 


P = Patm/RT where 
Patm = Yug Hatm = 847 Ib/ft*3*(29.07/12ft) = 2052 Ib/ft*2 
R = 1716 ft Ib/slug deg R 
T =73 + 460 = 533 deg R 

Thus, p = 0.00224 slug/ft*3 


A = 1dA2/4 = 1*(8/12)42/4 = 0.349 ft*2 


(con't ) 
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Problem 5.143 
Force, F, vs Velocity, V 


5-154 


—— Theoretical 


@ Experimental: Long 
radius elbow 

4& Experimental: Mitered 

elbow 


6.2 The velocity in a certain two-dimen- 
sional flow field is given by the equation 
V = 2xti — 2yrj 

where the velocity is in ft/s when x, y, and ¢ are 
in feet and seconds, respectively. Determine 
expressions for the local and convective compo- 
nents of acceleration in the x and y directions. 
What is the magnitude and direction of the ve- 
locity and the acceleration at the point x = y = 
2 ft at the timer = 0? 


From Expression for velocity , u=2xt and w= -292., 


Since 


then 
4, (local) = = = x 


and 


A, (conv) = uu a oe = (2z¢)(2t) + (- 244)(o) 


Similar hoy, 


ay (local) = 5 a 


a, Cconv.J= u e+ ¥ = (2xt}o) + (- 24t)(-24) 


= “ue 
At X2422F4 ava Z=0 
“uz 2(2)(o)=0 vez -2(2)(o)=0 
So That V =o 


2x xe? = 24)+ ¥@)(0) 4 ft/e? 


fa, = ~2yr4yt>= —2@) + ¢ eke) 3 = 4 -Fbis* 
iF 


Thus a ; 
a ee ee RE : ee 


6.3 The velocity in a certain flow field is given by the equa- 
tion 


V =x + x2gf + yzk 


Determine the expressions for the three rectangular components 
of acceleration. 


From expression for velocity aH=xX 4y 
Since 


orl * Mi) + &B)Co ) +%2)(0) 

x 

Siri larly , ie 
A. 


ou 
dz 
O 


+ ( *& )oxe)e OB)o) + (92)67) 


2x*2 + xX°y2 


Our OW, pp OW, yy dW 
i ¥ ze 


— 


OX ay dz 
= 0+ (xX Jlo) + (K2)@) + Ga) 
= <*2* + y2 


6.4 The three components of velocity in a 
flow field are given by 


R= 4+ + 2 
vExytyz+ 2? 
w= —3xz ~- 27/2 + 4 
(a) Determine the volumetric dilatation rate, and 


interpret the results. (b) Determine an expression 


for the rotation vector. Is this an irrotational flow 
field? 


Volumetric dilatation vate = gos (ee. 6.9 ) 


Thas, for velocity temponents given 


O 


—_—_—— 


volumetvic dilatation rate = 24 + (k+2) + (~3x-2) = 


This resulé tndicates that There 1s nod 
Volume 


Change in the 


of a #£luyid elemead a5 s(t moves from one 
location to anether. 


C4) From £gs. 6./2,6,/3 and 6.1/4 wits the velocrty Component 


PIVEN : 


if 
2% 
2 A 


a 
2 


y % 
Sj ee 


S/nce @ ts not Aero everywhere the flow field 


Is not trrotational, No. 


6.5 Determine the vorticity field for the following velocity vector: 


=(2- yi - axyj 


ri = (ME BEE Bg HE HOE 


where ; 
“ey w-2xy and uw’ =O 


| Thus, P 
vxV = 00 +0f Lae -any) for] k 
= [-2y -(ayy]k =0k 
Hence, 
VxV=0 


6.6 Determine an expression for the vorticity of the flow 
field described by 
V= — xi + yj 


Is the flow irrotational? 


C2 cee (Eq 6.17) 
Frem expression for velocity , ee xy, U-= 5 ard lr =0, 
and with 
Gy, # 4 (3 - er) (Eg 6/3) 
ly > 4 ( $= - | (CEs 6.4 
p= £(¢- x) (Eg. bs2) 


tL follows That 


“yy =O | Wy = 0 ‘ 


lhus 


d 


Se 2 (tea edl) 
Zz | co é + fost Leu h| 


I] 


= 3x9" 


Since - 1s hot Gene everywhere The Flow 
Is hot Irrotatienas, No, 
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3 > 
and ta, = f [0-Cia) 23 19 


6.7 A one-dimensional flow is described by 
the velocity field 

u = ay + by? 

v=w=0 
where a and b are constants. Is the flow irrota- 
tional? For what combination of constants (if any) 


will the rate of angular deformation as given by 
Eq. 6.18 be zero? 


For tvrotatione! Flour a Fa and for the velocity 


distribu tion given : 
our 
a4 


du 
Oz 


Thus, @ 1s not ero everywhere aud the tour 
ls not ivrotational, No. 


Since (From Eg. 6.18 ) 


y= ee". ge 


Ox dy 
it fo/lows for the velocity distri bation Givens That 
y= a+zby 


Thus, there are no values of a and b (except Lott 
Cgual te 4ero ) That will give ¢=0 for all yalues 
of G. None. 


6.8 For a certain incompressible, two-dimensional flow field the 
velocity component in the y direction is given by the equation 


v = 3xy + xy 


Determine the velocity component in the x direction so that the vol- 
umetric dilatation rate is zero 


For zefo volumetric rate in a two- dimensional fiow, 


Eguatiwn (2) Can be iitegrated with respect to x to obtary 
[ du = — [sede + [rd +t Cy) 


3 x3 
us ~Zx +5 + Fy) 


where #(4) is an undetermined function ef Y. 


6.9 An incompressible viscous fluid is placed 
between two large parallel plates as shown in Fig. 
P6.97. The bottom plate is fixed and the upper 
plate moves with a constant velocity, U. For these 
conditions the velocity distribution between the 
plates is linear, and can be expressed as 


y 
=U2 
——— 
Determine: (a) the volumetric dilatation rate, (b) 
the rotation vector, (c) the vorticity, and (d) the 
rate of angular deformation. 


FIGURE P6.9 


(a) Volumetric dilataton rate = ot oot dur = O 


(L) Fer veloc fy distr: bution GIVCA s 


G.10 


6.10 A viscous fluid is contained in the space between con- 
centric cylinders. The inner wall is fixed, and the outer wall ro- 
tates with an angular velocity w. (See Fig. P6@a and Video 
V6.3.) Assume that the velocity distribution in the gap is linear 
as illustrated in Fig. P60b. For the small rectangular element 
shown in Fig. P6.10b, determine the rate of change of the right 
angle y due to the fluid motion. Express your answer in terms 
of ro, rp» and w. 


{a) 
m FIGURE P6&.1I0 


K=- iw Y 
ears 
so That 
gus . 
ay igh 
Guk sine V=0o 
ye - aw 
es 


The negative sign inacetes That The 
right Angle 1s snereasing. 
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or1gina f 


(b) 


Eee 


oo? i a. iia 


6.12 Verify that the stream function in cylindrical coordinates sat- 
isfies the continuity equation. 


In cylindrical coordinels the continuity equation for steady, two~ 
dimensional, incompressible flow is 
+ orm.) 


+ 1 oMe 
2 ee ee ae | 


, ay 
Consider NV, = om 4 and Mp fe ae =O that from £¢ tH), 
sae 
i fe 


Pr 
1d(W9) ,4 90728 vy ., 
pO +2 (48) = [EY - Be) -0 


ar 
Thus, any function Y satisifies the continuity equation. 


6-/0 


6.13 | Foracertain incompressible flow field it 
is suggested that the velocity components are given 
by the equations 


u= 2xy v= —xty w= 0 
Is this a physically possible flow field? Explain. 


Any physically possible incompressible thw rele 
must satisty Consevatiwn of mess es expressed by 


the vela Econshi ~ 


For the velocity chstribution given 


> 
Or. x? cur = 0 


Substituhon pnt Ee. (1) shows that 
Zy-x° +0 #0 


Thus, This is not &@ physically pessible Flow tield, No. 


6.1 The velocity components of an incompressible, two- 
dimensional velocity field are given by the equations 


u=y*— x(1 + x) 
v = y(2x + 1) 


Show that the flow is irrotational and satisfies conservation of 
mass. 


LL the ee ee ere Flos bs Irrotationah , 
= Pee 
> Sh eae 29 
For the velocity distribution Given , 


oF - 24 Ou 


= Zz 
Ox 75 4 


Thus, 
to, 2 (29-45) 20 
Gna the How 6s irre tatonal 
To satisty Conservation of mass, 


¢u | 2h <z5 


Ox * Oy 
Since, 
du > -!- au - ZS -f> | 
ox anne, 


then 


—j—- 2X +2x #1 =0 


ana : tS 
Conservation of mass Is Satisfied | 


6.1S For each of the following stream functions, with units 
of m?/s, determine the magnitude and the angle the velocity 
vector makes with the x-axis at x = 1 m, y = 2 m. Locate any 
stagnation points in the flow field. 

(a) p= xy 

(b) w= -2? +y 


Frem the definition ef The stream fLunchon ‘ 


v= 2 (E¢s. 6.37) 
x 


At X= lam | Y= Zam ,1t follows Flat us id and a i 


[v| s | “*4+r* = V (ham) + -Zan) ® 


Thas, 


Since k=O ab x50 Qna =O at J=0, a stagnation 
Point occurs at X=g=0. 
(6) For Ws 2x74 y , 


ee. on 
Lee yee 


tan 8= 


x 


Since U#O0, There are no stagnation pomts. 
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6.16 The stream function for an incompres- 
sible, two-dimensional flow field is 


w= ay = oy 


where a and & are constants. Is this an irrotational 
flow? Explain. 


Fox tHe Flas bo be srrota tona/ , 


_ 2 f2e 2H 
a> Z ax re, 


and for the stream fancton GIVEN , 


Since W,#O flow is not wrotatone/ 
(unless b=o) : No . 


(Eg oh hz) 


6.17 The stream function for an incompressible, two- 
dimensional flow field is 


wh = ay* — bx 


where a and b areconstants. Is this an irrotational flow? Explain. 


For the flow to be rotational (see Eg. b.2) , 


= - (22 . 2h 
W,= 3 ax oy 


and for the stream fancton GIven , 


=O 


ee =. 2 
a” as 


Since WW, #O flow is not srretatione/ 


(unless a =o) ' No. 


6.18 The velocity components for an incom- 
pressible, plane flow are 

uv, = Ar-' + Br-? cos 0 

vo = Br-* sind 
where A and B are constants. Determine the cor- 
responding stream function. 


From the detin/tion of the stream tunction , 


pe ae -_ df 
WE aS = oe (Eg, b,¥2) 


so that for the velocity dstributes given, 


+ e+. Ar’ + er" wse 


2 i BE sie 
or 


Tn te grate Eg.) with vespect to 8 to obtain 
[ov = [A+ ar ese) de + fr) 


“Y= A+ BE sine + £0) 
Sirns larly inteqrate Eg 2) wit respect +o. + te vbtay 


[ae s ~ (ar sing dr + £46) 
y= FH ‘swe » £16) 


_ 


Thus, to satisty both £gs, (3) ana lt) 
Y= AO + Br sma +¢C 


where C 4s an arbitrary constant. 


ane 6.19 Fora certain two-dimensional flow field 
u=0 
v=V 
(a) What are the corresponding radial and tan- 
gential velocity components? (b) Determine the 
corresponding stream function expressed in 


Cartesian coordinates and in cylindrical polar co- 
ordinates. 


Yy 
ca) At an arbitrarg pont P 
(see figure ) 
V,* V sin @ a 
oe } 
Ve = V ¢9s 6 x 
(6) Since 
_ oY > oh 
(0 2Y =O y Ox 
ro follous That WY ts not a tunckion of 4 @Qnua 
(tm Ye PL 
where C 1s an arbitrary Constant | 
Also, with x= - los O 
We -V ree ¢+C 
Check this resu/t ' 
ot = -(Vcos8) =V 
Np = 7 = cos0) =V cos 
and 7 
WVr =-4 7 z( Vr sin®) = V sin@ r which checks with 


part (4), 


) 
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6.20 Make use of the control volume shown 
in Fig. P6.20 to derive the continuity equation in 
cylindrical coordinates (Eq. 6.33 in text). 


Volume element 
has thickness dz 


FIGURE P6.20 


ae dt + [era dA =o (Eg. 6.19) 
cr Cs 
for The differential contro! volume shown 
d 
dt fae ae <P + de de dz (1) 
Cr 
and 
PVimdA = net rete of mass outtlour through 
C5 surfaces of control volume 
(pre BER SF ) (ee )dods 
From figure at right : fa a 
Net rate of mass ro “pu 
outflow in F-adtrection = / (C 
9 pu; Wa-K set de\/ av 
(py + f a hy AY | do da ly. id Eo de), 8 ) dede 
SS 
= (1 306 $e ate 
sis Baa: + drdédz a drdé dz (2) 


(cont) 


6-/% 


6.20 (con't ) | 


From tigure ak right: 


f a 
Net vate of mass . 
OutHew 1h O-Nrechoy = Kw PY% 
/ 
Yer 6 de im 
(215 + 4 dp) are Ke (pie 208 ) ari 
VY 6 de , 
(% - = )drdaz Z 

_ af% C2) 
x ae dr dodz2 


Frorn figure at right : 


y 
Net vate of mass 
Outflow in E- divectiou = 
dP%2 dz 
{AG ~ d2) + dedp ee 
F i | (Py+ SS? #) rdode 
_ (or ~ 97% dz 
Z 
ES pardoue 
Oz : (4) 


Subst) ty tion of Egs. (1) Thru (4%) intr ZG. 6./9 yields 
gh rdrdeda+ G4 pardedt + pu; drdods 


+ ‘Le Ord@dz + “e rdrd6dz =O 
6 


a a, 2% , Cu + + Ce, d0% - 
dt “Or ape . Py) YS =e ce y 
Since Vj we . £ 2 
Ope + EPs ae (PH) 


Eg (5) Can be writen 45 es sé 
1 2(1P%) , AP) _ 
ge + 42 lreu) +2 e% 6 = = © 
Sy EE a ee 
Which ss £9.6.33. © 


6.2! 


6.2! A two-dimensional, incompressible tlow is given by 
u = —y and v = x. Show that the streamline passing through 
the point x = 10 and y = Ois a circle centered at the origin. 


for two-dimensional flow along a streamline 


dg. 
dx t . 
So that for the Velocity tomponents given 
dy . % 
ax =—3% 
ana 
- fy dy = f* dx 
Thus, 
- 5° = a +e (where C is 4 constant) 
Zz. 
and as 


a, a a 


Eguation (/) re presents the Cguation ire the 
farn'ly of streamlines, For a Given Value 
of a tne. eguation. gives a Circle centered 
ak The erigin with C’ the 53 uare of the 
Fadius. 
For X=10 and Y=o 
] 
jo7 4 2=G 3 7166 

Gua the €fuation oF The streamline jo4assing 
through this pont ts 

X Apu = 100 


lWhich 45 a Circle of Vadis IO Centered at fhe ove gin, 
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6.22  Inacertainsteady, two-dimensional flow 
field the fluid density varies linearly with respect 
to the coordinate x; that is, p = Ax where A is 
a constant. If the x component of velocity u is 
given by the equation u = y, determine an 
expression for v. 


For ai variable dens/ty Flour, 


a“) ater) 
OX oY 


f Eg. 6.29) 


) tn 


pus Avy) = Axy 


1+ follows That 
O (Bu) _ 
> abies 


Ay 


THUS, 


dv) e. _A 
a4 : 


Integrate £¢.l/) With respect to y to obtwrs 
fave) = - [ay dg + £kx) 


» 3 
pre = EiL'y £ tx) 


or 


With r =Ax 


/ 
jas = x (42°) i baa 


g* f£ 
== see Xx) 
V- = + ( 


Where ftx) is an arbitrary Sanction of X, 
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6.23 Inatwo-dimensional, incompressible flow 
field, the x component of velocity is given by the 
equation u = 2x. (a) Determine the correspond- 
ing equation for the y component of velocity if 
v = 0 along the x axis. (b) For this flow field 

what is the magnitude of the average velocity of 
the fluid crossing the surface OA of Fig. P6.23? 
Assume that the velocities are in ft/s when x and 


Pare inmeet. 
FIGURE P6.23 
: — (consider a 
(4) To satisty the tentinurty oguation unit thickness = ft) 
ae 
OX dy 
Ounce Du 
. oe 
tt follows That 
Se 222 7) 
Integration of gts) with respect to G ge les 
2 -2y + F(x) 
Tf 20 along x-auis Cy=0) Then fix) =0 So Thet 
We = 27 


(5) 7% satisty Conservation ef mass 


on * Bo- Ga (see figure ) 


Along AB “t=ali)=z 2 = so Thad 


Ss 
Cag = “Ag, = (2 HAI AIGA) = 2 2a 


Ss 


Along OB (=O So That Qa = O- 


T hus £3 
On = Grr > a 3 
ie VY = Gon = ot... > /4/ tt 
Av are Va i “ 
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G24 
6.24% The radial velocity component in an incompressible, 
two-dimensional flow field (v, = 0) is 
u, = 2r + 3r? sin @ 
Determine the corresponding tangential velocity component, 
Ue, required to satisfy conservation of mass. 


Ley). 79 . pe (Eq, b.35) 
- oP, ”* © Fe * xz == a 
race V3=0, 
ap. _ O64) 
20 or cry 
and wth 
ry. = Aber 3risin © 
It follows TAat 
I6%) « Yr EGF sin O 
or 
Thus, £g.0/) becomes 
ae «= (hr + OS 2) G2) 
Eguation (2) Can be integrated with respect to © te cobb, 
ay - - [ Ure 9F* sin) dO ¢ Fl) 
Or Z 
Va = —-4po —- Gk’ 0s6 + FU) 


Where Air) ts @n uneloderremed Sunttion of PF. 
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6.25 The stream function for an incompres- 
sible flow field is given by the equation 

yw = 3x*y — y? 
where the stream function has the units of m?/s 
with x and y in meters. (a) Sketch the stream- 
line(s) passing through the origin. (b) Determine 
the rate of flow across the straight path A Bshown 


in Fig. P6.25S. A 


LO xm 


FIGURE P6.25 


Ca) Lines of constant $ ore streamlines. 
for We BxX4y~- 47 the streamline 
passing Through The origin (20, y=0) 
fas 2 Veluwe Wzo. Thus, the 
Ogun tion for the Streamlines through 
the origin ts 

6 = 3x74 -y¥? 
oF 


gz 2S x 


A sketch of these Streamlines 1s shown in The frgure. 


At B £20, Y=lm so That 

VA = 30) 1) ~(1)7 = ~—/w/s ( per unit undth ) 
At A x2lm, Yeo so That 

We 301)*(0) -(0)? = 6 


Thus 


@ = Y, = ~/ m/s (per unit width ) 


The negutive SIGH wacscadme Wit tne Elsa is from 
right to left as we lok from A + B. 


6-24 


6.26 The streamlines in a certain incompres- 
sible, two-dimensional flow field are all concentric 
circles so that v, = 0. Determine the stream func- 
tion for (a) uy = Ar and for (b) vp = Ar~', where 
A is a constant. 


From the detiaton ef The stream Function 
ak 2g =_ 3H 
Y= ¥ Je Me ae 
: : =o /* f i 25 
So fmt with U,=0 st Hows Tha - 


Je 
and Therebre 
ws flr) 


(a) For YF Ar 


= -Ar 
ar 


Integrate Ey.) ws A respect ZB te #& obfes) 


fav = - far dr 
w= — Fae £ (@) 
However, since Y not a function of o, s# follows thet 
. 23 Zre* 
Yo —-Be4+ec 
where C 1s an arbitrary constnt. 


Cb) Similarly for = Ar! 


fav =~ [Arde 


Wz —A ta ¥ #+CO 
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*6.27 The stream function for an incompres- 
sible, two-dimensional flow field is 


y= 2a + y 
For this flow field plot several streamlines. 


The 2¢uation for a streamline Is found by setting = constant 
in he equation for The strtam function. Thus, for The 


given Stream tunchon 


P= 3h%y ty 
it tollows That the Cy uation of a sheamine is 
Pa W 
J” a4 3x? 


Where various constant values Can be assigned ty yf) 
to obtain @ Family of streamlines. Tabulated results 


for Y=1,2,3, 4 and a plot showing the streamlines 
ave gwen below: 


yw =1 w =2 y =3 w=4 
x y y; y y 
-5.0 0.0132 0.0263 0.0395 0.0526 
-4.5 0.0162 0.0324 0.0486 0.0648 
-4.0 0.0204 0.0408 0.0612 0.0816 
-3.5 0.0265 0.0530 0.0795 0.1060 
-3.0 0.0357 0.0714 0.1071 0.1429 
-2.5 0.0506 0.1013 0.1519 0.2025 
-2.0 0.0769 0.1538 0.2308 0.3077 
-1.5 0.1290 0.2581 0.3871 0.5161 
-1.0 0.2500 0.5000 0.7500 1.0000 
-0.5 0.5714 1.1429 1.7143 2.2857 
0.0 1.0000 2.0000 3.0000 4.0000 
ONS 0.5714 1.1429 1.7143 2.2857 
1.0 0.2500 0.5000 0.7500 1.0000 
1.5 0.1290 0.2581 0.3871 0.5161 
2.0 0.0769 0.1538 0.2308 0.3077 
2:5 0.0506 0.1013 0.1519 0.2025 
3.0 0.0357 0.0714 0.1071 0.1429 
3:9 0.0265 0.0530 0.0795 0.1060 
4.0 0.0204 0.0408 0.0612 0.0816 
4.5 0.0162 0.0324 0.0486 0.0648 
5.0 0.0132 0.0263 0.0395 0.0526 


leon) 
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6.28 Consider the incompressible, two-dimensional flow of anon- 
viscous fluid between the boundaries shown in Fig. P6.28. The ve 
locity potential for this flow field is 


sapere y 


@FIGURE P6.28 


(a) w= BY = 26 = 2x 


Jo determine ¥ integra te wity respect  Y to obtern 
Jdy= Gees 


W = 2x4 # F,) oe 


or 


Similar [y, 


po 2xy+ Ff, 4) 
To satisty both ERS. C4) and (2) 


Y= ZXyt Cc 
Where C 4s an arbitrary Constant. Sinte “=o along 4=0 
C=0 and 

Y= ZKY €é3) 


(5) The discharge 3 passing Through any sarface Connecting 
The two walls , such as APB (see figure), 4s 


‘- toa ~ Ya 
Frem £9 (3) % =o Ghd es £44, It follows 


Mat 
4 = zx: yi 
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6.31 Given the streamfunction for a flow as yr = 4° ~ 4y?, show 
that the Bernoulli equation can be applied between any two points 


in the flow field. 


For the Bernoulli equation fo be applied between any two points 
in the flow field (as oppased to only points along 4 streamline), the flow 
must be irrota tional. That is, DxV =O, which for two-dimensional 
flow can be written as 


(1) ry by O 


For the given flow 
u = =-&y and w=~ op BX 


Thus, 
dv dh _ Q _J _ 
a gy — axl Bx gy(-8y) = -8 +8 =0 


Hence, Eg. (1) is satistied, the flow is irrotational, and the Bernoulli 
equation can 58 applied between any two pois. 


6.32 A two-dimensional flow field for a non- 
viscous, incompressible fluid is described by the 
velocity components 


v=0 
where Upisa constant. If the pressure at the origin 
(Fig. P6.32) is p), determine an expression for the 
pressure at (a) point A, and (b) point B. Explain 
clearly how you obtained your answer. Assume 


the units are consistent and body forces may be FIGURE P6.32 
neglected. 


Check fo see (fk Flow is irrotational. Since 


A(1,0) 


x 


' ; i 
The given velocity distri bu Eiou ge =O and ge =2, 
it follows That tu, BO. Since tlw & not srrotatona! 


Cannot apply the Bernoulle Lguation betwen any two points 

In the How Field. 

Ca) Since =O, The origin and point A are on the 
Same Streamline. Thus, 


* 7 Vo” = Fa + Va* 
o 24 
At the prigin Vi=U, and 


from E@.l 
7) gt p.f 


A ra) 


(4) Fant B 1s not on same streqmlne as ongin so Cannot 
apply Bernoulli Cfuation Letween B ando. To find fs 


use the Y- Component of Eulers Cf Ua btous.: 
_@F « | 3y ov au Ju- 
- 4, BY Pige”” & * ers oe (E 4, 6,51) 
Since V=0 and J, 0, 


So That 
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6:33 In acertain two-dimensional flow field the velocity is 
constant with components u = —4 ft/s and v = —2 ft/s. 
Determine the corresponding stream function and velocity po- 
tential for this flow field. Sketch the equipotential line @ = O 
which passes through the origin of the coordinate system. 


From The definition of the stream tunction 


cata = wel 
Kw = 2 a 55 
so That fr the velocity Components given 
OF wns 
ieee 
OY . 
an” e 


Lntegrate Eg.t)) with respect to 4 to obtain 
fav = f-4dy +e Lon 
W=-444+F tx) 


or 


Similarly, integrate E912) with respect x te obtain 


fay = [ras + £ ty) 
W= 2X + 4G) 
Thas, to satisty bom £3s.(3) and 4) 
ye Zk - Gy + € 


or 


where C is an arbitrary constant . 
From the detimhen of The velocity potential 


e ay a =e 
a 
So That ¥ | velocity demponents give 
o¢._y 
OX 
24 a= Z 
29 
Ceent) 


(E45. 6. 37) 


f/) 


(CZ) 


C3) 


(4%) 


C ton't ) 


Ln tegrate Eg.(5) with respect to xX to obtuii 
fag = [ote Si #, 4) 

p= —4x + £0) C7) 
Lateyrate Eq. (6) with respect bo 4 + obtuy 


[4% es fre dy + f, ) 


or 


or be. ean 2S (8 
Thus, to satisfy bo7r £3s.(7) ana (8) 
@ 2 n= oh #C CF) 


Where C 1s an arbitrary eonshnt. 


Since The 2 gape tena / /ine , puo, passes Through The 
origin (wety =o )) Hen C= O Vn &y, (7) So Thet The 
Cquation of Te p=0 gai pottital line U3 

2y=- ax 


ae 4a-2x 


A sketch of Ths Sine ts shown in The Figure. 


Grob. 
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6.34 The stream function for a given two-dimensional flow 
field is 


y = Sx*y — (5/3)y" 
Determine the corresponding velocity potential. 


a ee eo (1) 
is. ° os 


Integrate with respect ft x to cbtary, 


Jag =f Conte?) dx 


Or g = £ x7 xy? + £ (4) 62) 
Svailarly , 
-_d%¥ _ od __ (2 
ae a ie I0xY 
Gud 
fa = ~ [ 10xy dy 
e 
° g = ~sxy 4 £1x) C4) 


To Satisfy both E 9s. (2) ana Cy) 
f=[F)x7-sxy  +C 
sills: a aeiitacieemenneianibtiemee 


where C ls @n arbitrary Con stant. 
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6.35 Determine the stream function corre- 
sponding to the velocity potential 


@ = xi — 3xy 


Sketch the streamline y = 0, which passes through 
the origin. 


Lntegrate w*tth respect fy 4 to ob hin 


{ae = fax2-397) dy 


r 3 
‘ = 3lx79- 2) + hn 
Similarly , 
| Ge ag 7 8 
and integrating with respect b x yields 


fay = foxy dx 
y= 3X4 +t LY) 
Ie satisly both S38.) ang (2) 


b= 3x *Y = ae C 
Where 


C is an arbitrary Constent. Since the streamline Yeo 

passes Through The orga (X=0,y=0) +t follows That C=O Gnet 
te 2x ~% ~y* (3) 

The eguation of the streamline 7 

passing through the origin 1s found by ra 

setting so mm £9.13) to 

yield 


4 (3X*%.4*)=0 
whith is satished fer 


and y = Pye a: 
A sketch of The =o steamines 


Gre Shown /H The figure. 
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6.36 A certain flow field is described by the stream func- 
tion 

WwW =A6+ Brsing 
where A and B are positive constants. Determine the corre- 


sponding velocity potential and locate any stagnation points in 
this flow field. 


Lt OF 1 
Y= FZ a¢ - z= + Klos 6 


se 2 (1) 
Lhte grate wir respect to k & obtary 
a4 = [C4 + 8 cose) dr 
er 
JP=Alnr +t Bresb + £le) a 
Simm larly , 
Vpn -oh= £ 3S = -B sink Sate 
Aud 
be = ~ f2 sin d 6 
ate = Brosath th ere 


To satisfy both E gs. (2) Gua (¥) 


f= AIn r+ Breese tC 
Where C /s Gn av bitrary Canstaut. 


Stagnation points occur where Viz0 anw Vy=o . 
Frem ‘ae (3) ea at O=0 ank O=TT. From 
Ey 0 yim ite Oo 

ts 
So That Vp=0 for FFm 4 However, since A ana 


are. beth positive constants This vesult indicates @ 
Negative Value fer kK Whieh 15s not cdefined. 
At O27 


_ A me 

Vy saat 8B CosTT 78 
5So Mat Vi=0 fer 
Stagnatrop pemt occurs at 


O=i7T ana FFB 
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6.37 It is known that the velocity distribution 
for two-dimensional flow of a viscous fluid be- 
tween wide parallel plates (Fig. P6.37) is para- 
bolic; that is 


vou. G)] 


with v = 0. Determine, if possible, the corre- 
sponding stream function and velocity potential. 


FIGURE P6.37 


lo determine the stream tanchon let 
- ov . = fey 
uw 2G = oe [1 () ] 
Gnd integrate witn re specé fo y fo obtary 


where C 1s an arbitrary Constant. 
To determme the velocity potential let 
= y \2 
Bete Wl - 
and integrate with respect to x te obtain 


[ad é Pe lire, sa ae 


g=- UV, [ x - £)*. | + #63) 


Howeve fF, _ 2a &@ Bey ao F,69) 
ne” 8g 
aud This velatienship cannot be satished for al// values of 


x and 4, Thus, There Is Not a velocity potentia/ That 
describes This flow (the flow is wot Irotatona/ ) . 
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Sirize 
is throtational and the 


6.38 | The velocity potential for a certain inviscid flow field 
is 

= =(7y — y*) 
where @ has the units of ft?/s when x and y are in feet. Deter- 
mine the pressure difference (in psi) between the points (1, 2) 


and (4, 4), where the coordinates are in feet, if the fluid is water 
and elevation changes are negligible. 


any two pone. Thus, 
2 
a Dee te. te 
- 248 tr 2g 
Also 
? gee = 2. 
u= Ix bXyY v- 5 
At xu-/#£4 y=2¢£ 


So 
At 


/ 
u, = ~6G)2) = -2& 
J 


a= ~30)"4 3@)*= 9 


that y= ar O* = (“ fe)" + (7#)* 


H=ffE , Yat tt 
a= ~blu4) = —% £E 
Y= -3(#)*+ 3(4)*=0 


geo ee 


Thas, 


from ©G.4)) 
pm el H | 


= 225(%) 


aye. Pee (- a) as (#)"] 


a (32.2 ff) =) 


Cr t4> 


= 37/0 th, =( 870 2), 


6-37 


) = 6405 pst 


The Flow tele +s described by a velocity potential tne Hour 
Berneullé Cpuation Can be abphed between 


tf) 


6.39 
6.397 The velocity potential for a flow is given by 
ste 42 
o= ae — i) 


where a is a constant. Determine the corresponding stream 
function and sketch the flow pattern. 


av _ ad. 
es 04 = Dx = 2x 
To cledermne ~ tntegrate with respect to ¥ te obtain 


fay = faxdy 


W= axy + F(x) oe 
Simi larly , 
Y>oP _ _ 
So That 
fi dys fay ax 
or eg C2) 
i= AXxy Di 2 5) 
To Satisty botn Es, Q) andC2) 
Y= Axy +C 


there C us an arbitrary constant. let C=0 Sem That 
Ue (7) 
ad 

lov a Sivea a The streanline pattern 13 obtained 

by setting V €gual +t» various Constants. for W=0 


the Xand y axes are Streamlines 


y) 


rectangular hyperbolas 
@s shown in the sketch, 


the Streamlines are 
peo 
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6.40 The stream function for a two-dimensional, nonvis- 
cous, incompressible flow field is given by the expression 


= -2- * 
where the stream function has the units of ft?/s with x and y in 
feet. (a) Is the continuity equation satisfied? (b) Is the flow field 
irrotational? If so, determine the corresponding velocity poten- 


tial. (c) Determine the pressure gradient in the horizontal x di- 
rection at the point x = 2ft,y = 2 ft. 


(a) To Sa Listy the continuity CZuation, 
oe ee 3 
Ax 99 
for The stream function given, 
= a Y = ft = eiee = £¢ 
a~ 2¢ ake ee [Ss 
SO that 
gi av 26 
OX ry) 


and the Continusty eyuaaies ts satushed. Yes. 


( Wote: When « flee Held i debsed by 2 stream function 
The Continurty eguation 15 always sdentically satisted, ) 


(5) Since 


ae oy gu 
W,= 5 ay. o CEg. 6,12) 
and ou s aU 
By oO ox =O 
1é fo/lows That OU, =0 anel the £low tield 18 irrotational, Yes, 
aa ad a¢ = ue o¢ = 2 
OX r) 


Gnd integration Grelds 
p = x + 4)4 Cc 
Where C us an arbjtrary Constant , 
cc) With The ~ 4X1 iis gi v=, and P 
~ $f sa id (u S$ + gf) — 
ank at Ma 2Ft , 9 >= 2£4 — a fe f (e) +2 #~@)] = O 
ga 
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6.41 The velocity potential for a certain inviscid, incom- 
pressible flow field is given by the equation 


@ = xy - OY | 
where @ has the units of m*/s when x and y are in meters. | 
Determine the pressure at the point x = 2m, y = 2 mif the 


pressure atx = 1 m, y = 1 mis 200 kPa. Elevation changes | 
can be neglected and the fluid is water. 


Since the flow js irrota tena, 


Bove &LM bs 


ath YDa +r Bir Pe velocity pottnhal given, 


a m 22 ge *e 
en Ge * eee a5 = 
Az point / fed X=/lm and 4 =lam so Med | 
i, = elitr) = %z Ue 20)" = Br)" = 0 
mr 


ancl vy, 7= (4 i = fe 


S 
At pomt fi X= 2m 4ad 472m so That 


4 2 4(a2)(z) = /b es Uso (2)*- 2)°=0 
ano 2 su 


a 2 
te, = f + 24 (y, Bie V2 } 
3 y. (480x105) (om “*) 

“tt = lo, 7 256 
am 2(4.¥1 &) 


YT 
~© 
- 

a 
a0 


eae 
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6.442.A steady, uniform, incompressible, inviscid, two-dimen- 
sional flow makes an angle of 30° with the horizontal x axis. 
(a) Determine the velocity potential and the stream function for 
this flow. (b) Detennine an expression for the pressure gradient 
in the vertical y direction. What is the physical interpretation of 
this result? 


(A) Frem ERs. %.80 and 68) 
p= O (X% Cosa +94 sino) (Fg. 6.80) 
Gna pr &=30° 
b= 0 (x cos3e+y sing") = U(0.ibbx + 0.5005) 
Siu lar lg 
W = U (4 cose ~x sine) (Eg, 6.81) 


ana fer ao = Fo° 
ip = U (4 376° x sin jo’) = LU (0.8664 ~ 0.500x ) 


(b) Jince 
XY faa] ad auaA V = sf 
9K 5 


1£ follows That 
u=o.sb4U ana V= 0.5004 


From tne Euler epuation m the vertical y~ divection 
=f OF le Ou Y oy av 
Pde 5 p (S24 uo + Lar + 3¢) GAD, 

Qua With = Constant aud 4,59 

oP = 1 

09 (8 

OP ani’ 
as Ross Tae 
This Vvesult sndicates that the pressuve distribution ts 
hydrostatic This 1s hot a Surprising yesSulé since 
Tae Berroulli Cf uation Madi cates That yf There 18 
No change in velocity The change in Pressure is 


Simply due te Te weight of PheHlud, LE, a 
hydrestahé Variaton. 


Or 
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6.43 The streamlines for an incompressible, 
inviscid, two-dimensional flow field are all con- 
centric circles and the velocity varies directly with 
the distance from the common center of the | 
streamlines; that is 

De = Kr 
where K is a constant. (a) For this rotational flow 
determine, if possible, the stream function. (b) 
Can the pressure difference between the origin 
and any other point be determined from the Ber- 
noulli equation? Explain. 


Jt follows Thet ' a function of G and therehre 


UY = =e wc 


where ae arbitrary Constant. 


(5) The flow 1s rotational and therefore the Bernoulli 
C4 uation Cannot be applied between the origin and 
any point, since These poinks ave not on the 
Same streamline. No. 

(Refer fo discussion e@ssociated wit derivation 
of E9. 6.57. ) 
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6.44 The velocity potential 
@ = —k(x? — y’) — (k = constant) 


may be used to represent the flow against an in- 
finite plane boundary as illustrated in Fig. P6.44 
For flow in the vicinity of a stagnation point it is 
frequently assumed that the pressure gradient 
along the surface is of the form 


| FIGURE P6.44 
where A is a constant. Use the given velocity 


potential to show that this is true. | 


For The velocity potentia/ given 
= 2 dw 


= 2ay 
and the Stagnatiin Peme occurs at the origin . 
For Ths steady two-dimensional flow 


oe -p (4% : (£4. wsla) 


qQnd along The Surface (4=0) V=0 So Thad 


From £7 .d) and Therefre 


arn Eg. (3) 


where A=4k*, 
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6.45 Water is flowing between wedge shaped 
walls into a small opening as shown in Fig. P6.4S. 
The velocity potential with units m?/s for this flow 
is ¢ = —2 inr with in meters. Determine the 
pressure differential between points A and B. 


y Aé@ ' |p 
Loos Sa ——_ 


FIGURE P6.45 


25 4 


Along the horyontal surface GIO, net 


wy 


So that 


Thas, 
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6.46 — Anideal fluid flows between the inclined 
walls of a two-dimensional channel into a sink 
located at the origin (Fig. P6.46). The velocity 
potential for this flow field is 


o=> Mr 


where m is a constant. (a) Determine the cor- 
responding stream function. Note that the value 
of the stream function along the wall OA is zero. 
(b) Determine the equation of the streamline 


passing through the point B, located at x = 1, FIGURE P6.46 
y=4. 
fa) Vn = ae ay = a¢ ey we C1) 
F Fr dG ar 27+ 


Lnteqrate £3 .U) witn respect to 8 fo obtorn 


fay = {2 PL) 


or 
> ae (ph 
oo i * ate) 
Since oy / d¢ C2 
0? toe. ) 
Ve ar +- de o 


YW 4s hot ai function of F so E82) becomes 
Y= 1m © + C 
Air 
Where C 1 a constant. Also, Y=o for oe? 
So That wn 


ee 

SF 
in an bee a 
(6) ft B tane=+ so Mat OF1,33 rac. From £13) 


the value of WY passing Trough Ts point 1s 
w= am ( 432-2 )= 0. OYS0m 


Gra 


“20 
and Therefore the eguation of The streamline passing Through 8 
Is - / 
0.0450m=m(L-z 
ill O= 1.33 rad 


(Wp te: Lz can be seen trom £g.(3) that the streamlines 
are a// straight lines passing Through the origi, ) 


6~45 


6.47 It is suggested that the velocity potential 
for the flow of an incompressible, nonviscous, 


two-dimensional flow along the wall shown in Fig. 
P6.47 is 


@ =r"? cos 40 


Is this a suitable velocity potential for flow along 
the wall? Explain. 


ZF this is a suitable $ the corresponding WW must have a constant 
Value along the wal! (since the wall must Correspond to a streamline). 


oh oe Be a & % % r 
YP 56” ie” 9h Ces gO i 


Lntegrate gi) with respect to O fo obtiy 


%, 
dys [tr Cos 76 


or ' 

Y= HF sin £6 t fr) (2) 
Similar! 

we = fF = 1a¢ = ~ + ex: 4 6 
6° or ~ FG 3 "3 
% 

aN fay = /# ‘a sin £6 dr 
or 4 

W = bk? sin = 0 + £, (8) (3) 


To satisty both Egs.l2)ana (3) 

y= +8 sin * 6 + 
where C is an arbitrary Constant. 
Along one section of the wall, @=0, and =C. Along 
The other section OF rl and b=C, Thus Wb has « 
Constant value aleng The wall and The Given velocity 
potenhal can be used vo represent flow along The wal). Yes. 
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6.49 As illustrated in Fig. P6.49 a tornado can be approx- 
imated by a free vortex of strength T for r > R,, where R, is 
the radius of the core. Velocity measurements at points A and 
B indicate that V, = 125ft/s and Vz; = 60 ft/s. Determine the 
distance from point A to the center of the tornado. Why can the 
free vortex model not be used to approximate the tomado 
throughout the flow field (r = 0)? 


m FIGURE P6.44 


For az tree Vor Lex 


Thus, az h Vy 
= fe = 
| at hp ) UD > GO =, So iat K 


There fore , 
125 k, = 60 k; 
Gna since 
h, - hb, = leo £4 
It follows That 
/2s%, = 60 (eo th, ) 


or 


hy? 92.3 ft 


The tree vortex cannot be used 40 approrimte a tornade 


Throughout The flow Held Since at k=o 
Velocity becomes Infinste. 
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6.50 Ifthe velocity field is given by V = axi — ayj, and ais acon- 
stant, find the circulation around the closed curve shown in Fig. P6.50. 


(11) (2,1) 


BF!IGURE P6.SO 


The circylation 1s given by 
P=4 Vide =G (axi -ayj)-ds | where dé is an element along the line. 


Thus, , z. 

r= ( (axi-ayj dx?) + ((axt-ayf)-(dy2) 
xe! = 
! Pat 

+ § (ax? -ayf)-(-dx?) + ( (axt -ay)(-dyp) 
X*Z yen 


a 2 
= (axkdk + {(-ay)dy + (-axldy + (Cayldy 
I ! 2 2 


- {and - faydy +(axdk -Say dy 
2 2 
= 2a{xdx -2afydy 
/ ] 
= 2a(Z) -2a(2) =0 
Thus, 
Pat 


Note: This flow is irrotational. That is 7xV 50, For any 
irrotational flow the circulation is identically Zero. 
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6.51 | The streamlines in a particular two-di- 
mensional flow field are all concentric circles, as 
shown in Fig. P6.5/. The velocity is given by the 
equation Ug = wr where w is the angular velocity 
of the rotating mass of fluid. Determine the cir- 
culation around the path ABCD. _ 


i © ee FIGURE P6.5! 
[T= V.ds 
ABCD 
"ff %bd0 + Y dr [mates [gar Oe 
AB Bc CO aA | 


Since Y=0 Gnd Va = Cor E¢, (1) becomes 


eC, 6; 
[lz whrde +t° 7c a*d@ +O 
6, &, 


= 0b? (6,-6,) + Wa* (6,-6, ) 


[t= & (6,-6,)(47-a*) = WAG (b%a?) | 
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6.52 The motion of a liquid in an open tank is that of a combined 
vortex consisting of a forced vortex for 0 = r = 2 ft and a free 
vortex for r > 2 ft. The velocity profile and the corresponding 
shape of the free surface are shown in Fig. P6,52.The free surface 
at the center of the tank is a depth h below the free surface at 
r = oo. Determine the value of h. Note that h = Arocoa + Atree> 
where Arorcey and hy, are the corresponding depths for the forced 
vortex and the free vortex, respectively. (See Section 2.12.2 for 
further discussion regarding the forced vortex.) 


N 


k#— >—+} 


MFIGURE P6.s2 


For forced Vortex 


Ee 2,32) 
gr Or" +e (€% 

= 
and with me at rz=o rt follows That C=O. 


Also, Vz= ra and since Verio Hl; of parte 
Ww . - tad 


i) = ss = = 
2#t 
Thus, at r= 24 2 " 
ee (5 8) (2 &) ~ oo £4 


i ern iene 
2 4. Z (32,225 ) 
For free vortex Usee. Exam ple bi 


774 
a ° Sn" F*g 
Where /%=z20rVo 
o thak 2 - ‘ 
oe Aa ae prt (z fe) e220 
Thas, 
45 8 +4 = Lefer. sot = 9.10 Ft 
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6.53 When water discharges from a tank through an 
Opening in its bottom, a vortex may form with a curved sur- 
face profile as shown in Fig. P6.S3 and Video V6.4. Assume 
that the velocity distribution in the vortex is the same as that 
for a free vortex. At the same time the water is being dis- 
charged from the tank at point A it is desired to discharge a 
small quantity of water through the pipe B. As the discharge 
through A is increased, the strength of the vortex, as indi- 
cated by its circulation, is increased. Determine the maxi- 
mum strength that the vortex can have in order that no air 
is sucked in at B. Express your answer in terms of the cir- 
culation. Assume that the fluid level in the tank at a large 
distance from the opening at A remains constant and viscous 
effects are negligible. 


From Example 6.6, 


f 2 
z= - 
& *r" 3 


Air will be  sucketl sto Pipe When Z,7-/7¢ ty K=2 Te, 


lhus, : 
[77 = - ertg d= ~ 80? (aft) (52.2) C142) 
oF 
a 
peor 
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6.54 Water flows over a flat surface at 4 ft/s as shown in 
Fig. P6.5‘, A pump draws off water through a narrow slit at a 
volume rate of 0.1 ft?/s per foot length of the slit. Assume that 
the fluid is incompressible and inviscid and can be represented 
by the combination of a uniform flow and a sink. Locate the 
stagnation point on the wall (point A) and determine the equa- 
tion for the stagnation streamline. How far above the surface, x 
H, must the fluid be so that it does not get sucked into the slit? ¥ 


(per foot of ‘length of stit) 
gm FIGURE P6.54 


= _ pe ae 
Y= Fie : Yd = Ursind =r a se 
ou) 
Thus, - 
ie MEO oy _ am 
i Ze U Cos 6 os (2) 
and OY . 
a -U 
Ve pas sin 8 


A-long The wal// Vag 79 , and The stagnation point OCCurs 


where GeO". So het from &g , (2) 


S e) 2 waod 
oe U tesco") Be! 


and therefore 
rm 


27 


A 2 
Fae ti* 4 Le Ghon ma=2 ze ( nate That «@ Source streng]u 
of 0.2 Fé ‘2 Ft” rust be used é obtain ane” through slit 
Which 7/3 only one half of «4 ‘fall * pe. Thus, 
fe? 
kK aS O.2 er 


Ar CH.ze) 
mY 


= 0.00796 £4 


ann The stagnatioy point is on The wall 0,0079%6 £2 


Lo The right of sht. 


( cont) 


ast 


(con 2) 


The value of WY at the stagna tion Pont (r= 0.00146 #2, O= o°) 
‘Ss Were (eg. /) so That The gp uatlow of The a raesae ats 
streamline is 


Since y= rsin® The 2 fue tion of The stagnation streamline 
can be writen as 

Ys =, © 
Fluid above The stagna tou streamline wi// not be sucked into 
Sit, (we maximum clistance ey for the stagnation streamline 
OCCurs as O—7 7T So Tht 


= = ee OS OLE29O <2 


(icihe ! AIL the Fluid belw the stagnateu streamline must pass 
7Areugh The slit. Thus ; trom conservation of mass 
HU = flow into siit 


2) = 


H-= = 0, 02504t# 
TE 


which Checles with The answer above, ) 


6.5& Two sources, one of strength m and the other with strength 
3m, are located on the x axis as shown in Fig. P6.$5, Determine 


the location of the stagnation point in the flow produced by these 
sources. 


MBFIGURE P6.55 


Since the tow from @ach source Is in the rackal 
direction, r# +s only aleag The x-axis that the +20 


Vadal Cemperentss can cancel and Create a stgnation 
pont 


For source C/) 


Gna dor source C2) 


— 
— 


1 ar" Zils. 
The stagnatiin Porat occurs where = 
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| 
6.56 The velocity potential for a spiral vortex 
flow is given by @ = (['/2z) 6 — (m/2z) In r. 
where I and 771 are constants. Show that the angle. 
a, between the velocity vector and the radial di- 
rection is constant throughout the flow field (see 
Fig. P6.56). 


FIGURE P6.S6 


For Tne velocity potentia] given 


- 29 | _ am a Se 
Sun. —s {A 
mee IV) cone 
gna omnis A A 
yr Ue * BS 
_— A 
then V-e& Vy 
Cos X&* ———— 
lV | y+ We 


| | + (zy 
[ 


\/ | t(o)* 


Thus, | given {’ ancl wm the angle x Is 
a Constant. 


6.57 For a free vortex (see Videu V4.4) determine an ex- 
pression for the pressure gradient (a) along a streamline, and 
(b) normal to a streamline. Assume the streamline is in a hor- 
izontal plane, and express your answer in terms of the circu- 
lation. 


For a tree vortex 
(Fe. 6.91) 


So that 
F Or 2Tr 


S Ince The tree vortex represents an irrotatina/ Flow) 
field, The Bernoull; egaation 
a, Vey 2-= Oonstank a) 
: yt 23 | 
is Valid Setween any two points . 
(Q) Along a streamline (= Constant) , VE 15 Constant 
and Vi=0 50 That trom 9.01) with 
2 Constant The Pressure 13 Constant ) b.e,, 
oF = 
Oe 


(L) Norma) tp the streamline vith Vi. =0 Gnk Z= Constyut 


- + Ve + 2 = Constynt 
o 4 


S50 THAakt 


OP 
or 
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6.58 (See Fluids in the News article titled “Some hurricanes 
facts,” Section 6.5.3.) Consider a category five hurricane that has a 
maximum wind speed of 160 mph at the eye wall, 10 miles from the 
center of the hurricane. If the flow in the hurricane outside of 
the hurricane’s eye is approximated as a free vortex, determine the 
wind speeds at locations 20 mi, 30 mi, and 40 mi from the center of 
the storm. 


bor free vortex 
a & Eo (8b) 
Vee Kk (oe 


Thus, zt eye wa || 


(ne 


Ome 
So that 
k= (eonnph (10 ami ) 
And 
Cibo aphIC10 my ) 
4g = (Memon tom 
YB 
For, ( ‘ 
J p0 10 
Yg=2ome Vgz @ ete gh 
Vy = 30 amc Va = see = 53.3 mph 
fe = 4o me Vp > nhbinept Goat ee 
me a 
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6.60 
P6.60a) can be described with the stream function 


Potential flow against a flat plate (Fig. 


w = Axy 


where A is a constant. This type of flow is com- 
monly called a “stagnation point’’ flow since it 
can be used to describe the flow in the vicinity of 


MM 


(a) 


“FIGURE P6.60 
-_A 


pe Axy+ DPoa-F 


Fer the bump the stagnation point will occuv 


X20, yah (e- a rh). Fe 
MOP am 
UF 3 A-+ (0S 20 + oe 
and 
en ae Ar slp 26 
6 ab 


The pome | 6-2 


the stagnation point at O. By adding a source of 
strength, m, at O, stagnation point flow against 
a flat plate with a “bump” is obtained as illus- 
trated in Fig. P6.60b. Determine the relationship 
between the bump height, h, the constant, A; and 
the source strength, m. 


k*sin 26 + 


at 


r the given o tream function, 


C1) 


j read , will be a stagnation point 1F 


VE=O since Wyro at TAs Point. Thus, trom £&G.0) 
2 7 Bon 
Oo = Ah Cost + a 
or ™ Bsa 
Ah = ark 
and Thevehre 
# ™m 
z1TA 


6-£38 


6.6{ |The combination of a uniform flow and a source 
can be used to describe flow around a streamlined body 
called a half-body. (See Viden V6.5.) Assume that a certain 
body has the shape of a half-body with a thickness of 0.5 m. 
If this body is placed in an air stream moving at 15 m/s, 


what source strength is required to simulate flow around the 
body? 


The width of half-bedg = Z1b (See Fig, 6.24) 


So That ke (6.5%) 


27 
From & 3.6.77 


_ 
b= ar 


where tm is the source strength, aud Thevefre 


27rv$s = 27 (7s aa ) ( Ee 


cE Z77 


7 Se 


“m * 
ca 


6.62 A vehicle windshield is to be shaped as a portion of a half- 
body with the dimensions shown in Fig. P6. 6Z.(a) Make a scale 
drawing of the windshield shape. (b) For a free stream velocity 
of 55 mph, determine the velocity of the air at points A and B. 


Windshield =e" 


U = 55 mph /[ 
—— 
A 2.0 ft 


BFIGUAE P6.62 


(2) From te Ligure 
bt+rese@ = Z2HfE 


Pisum = Lote 
Gra a G half- body 


._ £(i17-@) =¢ 6.100) 
i sin @ (C é. 
The Above Cguations Can be Combined te give 
! | 
. BO? - cee 
17-6 tan 6 
@nn a trial 4nd trrov solution foy O GIVES 


C= 0.83% rad (¥B/2) 


— 
_— 


1.5 £4 


ee EBT FE 
TT - 0,839 rad 


ps Cbs ft (1r-@) 
Sin & 


E fuation £5) Fives The profile e- The 


Windshield aQuy With X=Vrlose and 


\ aa sig The Xand y Coordinates Can be 
obtain eA. Tabu lated data aHA aA plot 
Of The Gata Lollows. 


C eon) 
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3.042 0.652 -0.649 0.065 
2.942 0.655 -0.642 0.130 
2.842 0.661 -0.631 0.195 
2.742 0.669 -0.616 0.260 
2.642 0.679 -0.596 0.326 
2.542 0.692 -0.571 0.391 
2.442 0.707 -0.541 0.456 
2.342 0.726 -0.506 0.521 
2.242 0.748 -0.465 0.586 
2.142 0.774 -0.418 0.651 
2.042 0.804 -0.364 0.716 
1.942 0.838 -0.304 0.781 
1.842 0.878 -0.235 0.846 
1.742 0.925 -0.157 0.911 
1.642 0.979 -0.069 O97 
1.542 1.042 0.030 1.042 
1.442 WANG 0.144 1.107 
1.342 1.203 0.273 AZ 
1.242 1.307 0.423 1.237 
1.142 1.432 0.596 1.302 
1.042 1.584 0.800 1.367 
0.942 ereTa 1.042 1.432 
0.839 2.015 1.346 1.499 
| 


[ _ 
-1.000 -0.500 a 0.000 0.500 1.000 1.500 
x, ft | 
“ 6.J01) 
(b) /*= ps (isz4oso +h.) Ey. ¢ 
Bint A Is & stagnation Pornt So That ¥,=0 


AL the top of The windshield (pint B) O= 0.839 rah ank 
k= Zo; ft So thet 

4 t= (55 mph)*[1 + 2 
GG.2z mph 


0.65) ft 


0,b5! bot 
Zo] 201 ft 


) cos (0 939 rad) + ar 
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6.63 One end of a pond has a shoreline that resembles a 
half-body as shown in Fig. P6.63,A vertical porous pipe is lo- 
cated near the end of the pond so that water can be pumped 
out. When water is pumped at the rate of 0.08 m’/s through a 
3-m-long pipe, what will be the velocity at point A? Hint: Con- 
sider the flow inside a half-body. (See Video V6.5.) 


m@ FIGURE P6.63 


for a half-body , 


he esses Fe (Eg, 6.97) 
Jo That 
geek : U siv® 
and 3 
~L%% = Veoso+ = 
U* + 56 “ 20F 


Thus at pont A Gre, F> /S am and 
, / 


Vg +0 


Op? Va = arr (is) 


3 ‘ 
For a flowva te of 0.06 1a a S-m long pipe , the 
Source strengih 43 226 wm Since 


s 
: - CEg 6.99) 
then with 5 > Sam (2.06 m*) 
U = = = = = 637 x10 < 
21 (Sm) 
From £4 . (/) [0.06 m>) 
-% ww Pe “Fs s 
V, = 6.37 x10 3 ar (!5a) 


-¥ 
- 8.49 x10 2 
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6.64 Two free vortices of equal strength, but opposite direction 
of rotation, are superimposed with a uniform flow as shown in 
Fig. P6.64% The stream functions for these two vorticies are 

—(4I'{27)} In r. (a) Develop an equation for the x-com- 
ponent of velocity, u, at point P(x,y) in terms of Cartesian coor- 
dinates x and y. (b) Compute the x-component of velocity at 
point A and show that it depends on the ratio l'/H. 


BFIiGURE P6.64 


(@) Br vertex 1, Y> May, : Pl) 
— 
and ie 3 = as shown y NY Ve, 
<= a 
Where sinO-= ips cae: ee | s 
cm ee x2]'2 


And Ie [ty-m+ x2] fa, 
so that 
dale fc ory (4- ae re 
For vortex (2), Be =e et Voz. 


T q y ol 
Aus A el y) 
se ; U ! 
Veo int, as Shown —— 


U* = Voa sin a 
a 
[4+ Wye x*| hh 
a if 
2 2| “2 
n= [(yrh) + «| 


So that 


7 -(£\ ytH ) 
Ue © (y+)? + X? (cont) 
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Where sind= 


(tont) 


Thus, Combimin 4 the twe vortices with the untform flow 
gives The X- Component of Ve loc ty 


@22k,+4,+ UV 


ES lees b+H 
= [at Oy 
AF LS ie) t* (y+it) > x® . 


(b) At pont A Where x=y420,E8, (1) gives 


fF 
es H 


L 
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6.65 A Rankine oval is formed by combining 
a source-sink pair, each having a strength of 36 
ft?/s, and separated by a distance of 12 ft along 
the x axis, with a uniform velocity of 10 ft/s (in 
the positive x direction). Determine the length 
and thickness of the oval. 


a # tea + | (£9, 6.107) 
2 [ . (TU 
hs i [(@) ~1 | ban [aces ) 2 | (By. hay 
a 2 o 
Ait ae. aie, aad I ee, 
££ 
—s tT ( 2 pete » 524 
3% 


Thus, length =20 qna trom EG, 6./07 
% 
length= a core) | “+ | . 


I 


The thickness, 24, can be determined tron Fg 6.104 by 
trial and error. Assume value for 4 Je. Qund Compare 


with right hand side of £3. 6.107. (See table below, ) 


ma = faa] to E (5,24) a 


0.250 0. 269 
O25 1 0.262 
0.252 Oo. 25¢ 
@. 253 0.250 <— use 


Thus, ae Oz253 
a 
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*6.66 | Make use of Eqs. 6.107 and 6.109 to 
construct a table showing how (/a, h/a, and t/h 
for Rankine ovals depend on the parameter x Ua/ 
m. Plot [Vk versus 2 Ua/m and describe how this 
plot could be used to obtain the required values 
of m and a for a Rankine oval having a specific 
value of {and h when placed in a uniform fluid 
stream of velocity, U. 


Z ss 
rr 
== Wee ¥ 1 (E9. 6.107) 


Ae A TAY 1) ben[nft25)8 | eg. e100) 


where The length of the body is 22 and the width is 24. 
for a given Value ef wWUalm, FGg.6.107 Can be xlved 
for L/a , 4nd Eg. 6.109 Can be solved (Musing an iteration 


procedure ) hv A/a. The vatio LIK tan then be determined 
Tabulated data are GivV@nN below . 


and 


nUa/m tla hla e/h 
10 1.049 0.143 7.342 
5 1.095 0.263 4.169 
1 1.414 0.860 1.644 
OS ey 1.306 1.326 
0.1 S307 Seat 1.066 


0.05 4.583 4.435 1.033 
0.01 10.050 9.983 1.007 


A plot of the data is shown on The next page. 


(Coat 2 
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Ctont D 


nUalm 


For « Kankine ovel with Land & specified the following steps 
Could be followed fo determine rm and a: 
C1) For a given L/K detevmme the reguired value of 1Da/m 


from The Graph . 
62) Using This value of Wal Calewlate 4a trom Eg. 6.107. 


(3) bth the value of 2/a cletermned, Qnet & specifi ee ae Ltrrnme 


the talue of @. 
(4%) bith wUas/m and «a determined, the value of Lr /m 
Is -enown, and fer a@ given UY The value of am is fixed, 
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6.67 An ideal fluid flows past an infinitely long 
semicircular ‘‘hump”’ located along a plane 
boundary as shown in Fig. P6.67 Far from the 
hump the velocity field is uniform, and the pres- 


sure is p,. (a) Determine expressions for the max- 
imum and minimum values of the pressure along 


the hump, and indicate where these points are 
located. Express your answer in terms of p, U, 
and pp. (b) If the solid surface is the y = 0 stream- 
line, determine the equation of the streamline 
passing through the point 0 = 2/2, r = 2a. 


(2) On The surdace of the hump , 
‘2 2 
7a e 4 s/f" GC ¥ Sin 6) CEg. ase) 


The matimum Pressure eccurs where sin B=o0 ) or at @=0 7, 
and at These points 


P (amas) = f+ gp (at O=0 ane Tr) 


The Minimum pressure eecurs Where sin 6=/ or at 6-2 
Qnkd ak The point 


nice 2 : 
$limin)= B-ZPY (at o-= F) 
(b) For umform flow im The negative x-direction , 
= a* . 
2 Ur (1 - =") sin 8 


(veler te discussion associated with The derivation of E%. 6/12). | 
At @= 2% ) F=2a | 


~ d 
“> . 07 o 4 
ee = mS JJ —s = = & 


and Thus The e guaztion of The streamline passing through 


) 


this pont is 7 
_2e¢ =-Ur(t- 2" ) sin 6 
we 


2 
(1- 5) sin 0= / 
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6.68 Water flows around a 6-ft diameter bridge pier with a 
velocity of 12 ft/s. Estimate the force (per unit length) that the 
water exerts on the pier. Assume that the flow can be approxi- 
mated as an ideal fluid flow around the front half of the cylin- 
der, but due to flow separation (see Video V6.8), the average 
pressure on the rear half is constant and approximately equal 
to '/; the pressure at point A (see Fig. P6.68). 


Fonra Fig. 6.29 st fellows That the drag 
2n a Section Chetwea, P=0 ana C=) 


of 4 Clreular cylinder 63 given bg Tne Cfuatioy 


Drag = Pa --/ 4 CosQG@ ad 


6) 
Lor The force on Tre froat half the cylinder id per anit length) 
TT 
Ie Ti B Cosp ada (/) 
TW, 

ana due te Symnetry Fy 0. From Ee. 6.116 

?, = ht 2p0" hs A sin? ) (ey bub) 
anu since we are only interested mm The force dye b 
The Plewing Fluvd we enti fel Pi,=0. Ths Strom kg. 0) 

7 A fee 


o> -2 | ZpV* (1 — + sin B) cose 4a de (2) 
5 - 2 oe 
ieee [espse si smo | i, 
We he 
ve 
: a a) eS a 
Gnd [ 3108 eosb-d0 = sini | _ = 
7, 
2 
(Cont ) 
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6.68 ( cont) 


ZH follows trom Eg (2) That 
ae 2 
ge OF 


Note Met The negative S190 Indicates Tit The water i actually 
Pulling” eon The C 4 linae Ctront halé) 14 The w pstream direction. 
when The effect of tne rear holf of The cylinder ks Laker 


However , : 
ints account (ina real fluid) Tere will be a net drag in the divecton of fow. 
7ne pressuve 42& tne top of the Cylnder (pomt A) 13 Giden by 7 
Jan 2 
p= Br ep (1- 4sice) Eg. 6. 15) 
Qua with O:Wh 
3 ‘ 
fa = ah U 


ounce p, = 
3 2. 
ag 


tA > 
que a positve F, 


Mate That The negative pressure will 
and BP : 
7 == + x Projected avea =- tA x tall) 


Se that a 2 50% 
hsp pi taal) = gee? 


Thus 
» E = Fe, + Fi 
2 @Y = ri 3/0U"& 
3 i 


= 1% of 
on or 


With the data given, 
=F (199 8 lie) GA) = O18 


ee 
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*6.69 Consider the steady potential flow around the cir- 
cular cylinder shown in Fig. 6.24. Show on a plot the vari- 
ation of the magnitude of the dimensionless fluid velocity, 
V/U, along the positive y axis. At what distance, y/a (along 
the y axis), is the velocity within 1% of the free-stream 
velocity? 


/ long the g-axis Vi=0 So that the magnkeee 6.26 


of Te velocity ,V, ks gual to /%/. Since 


Ue = _U (1+ 2.) sing 


‘t follows Tet along the posytwe y-axis (0=E oe =4) 
i7= ly [= y fit Fi 


(Eg 6.115) 


or Vv - Ke cs _ pe ff 
U : i (Z)* CW) 


Tabhulated data anda plot of The data are given below. 
LL can be seen from these results That tr 


the velocrty V 1s witnn 1% of The Lree-stream Velocity 


2.000 


yla ViIU 
1.00 2.000 1.900 
2.00 4.250 1.800 
3.00 1.111 1.700 

. 4.00 1.063 
5.00 1.040 2 tee 
6.00 1.028 S 1.500 
7.00 1.020 1.400 
ne 1.300 
10.00 1.010 vee 
1.100 


1.000 - 


1.00 200 3.00 400 5.00 600 7.00 800 9.00 1000 
yla 


b< 7k 
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6.70 The velocity potential for a cylinder (Fig. = 

. P6.70) rotating in a uniform stream of fluid is > 
a? r — 

b= Ur(1 +) coso+ Lo nel 

where [ is the circulation. For what value of the = 
ee 

— 


circulation will the stagnation point be located at: 
(a) point A, (b) point B? 


FIGURE P6.70 


(@) = ~ (Ep. 6.62%) 


At point A, Stag =° and «wt follows That roe 


(L) At point B ile = ey and trom Eq, blrr 


f_= ¥rVa sin a = ~ 47Ua 
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6.71 Show that for a rotating cylinder in a uniform flow, the fol- 
lowing pressure ratio equation is true. 


Here U is the velocity of the uniform flow and q is the surface speed 
of the rotating cylinder. 


(1) 


(2) 


Prop ~ Pootto a+ 8q 
Pstagnation U f, 


From £9. 6.!23 the pressure on the surtace is 
+ 3 is rf] = 
=f +z 0) ‘(i 4 sin 6 t 2 sie 770) 


- ['= oY Vd is the cirevlation produced by the rotating 


cylinder 


Thus, for the curve C= cylinder surface where V-d6 = (ge, )-(ad6é,) 


we ‘obtain = ag dé 


i qad® =274 
“ff f f 
From Ea (1), at the top ie ; 


= i 
Pop = fr * z p0 Tints JF pee 
and at the bottom (6 < 270°): 

2; f p* 
Potion = ff +70 (x4 =e iS aT? 
so that . 
i 2 

Piop ~fsottm = 20 yy (tao), where z zpU = Fetagnation 
Note: The sta gnation point has V=0, dvt does not occur at the 

front ‘edge ” of the _ G ylinder. 


Thus, Ltep ~PbcHom _ #P_ 
f stagnation mau 
of using £9,(2), 


Peat Paotlom _ 2 —* (27 4g) - 84 


fetagnation 


a | 
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6.72 (See Fluids in the News article titled “A sailing ship without 
sails,” Section 6.6.3.) Determine the magnitude of the total force 
developed by the two rotating cylinders on the Flettner “rotor-ship”’ 
due to the Magnus effect. Assume a wind speed relative to the ship 
of (a) 10 mph and (b) 30 mph. Each cylinder has a diameter of 9 ft, 
a length of 50 ft, and rotates at 750 rev/min. Use Eq. 6.124 and 
calculate the circulation by assuming the air sticks to the rotating 
cylinders, Note: This calculated force is at right angles to the direc- 
tion of the wind and it is the component of this force in the direction 
of motion of the ship that gives the propulsive thrust. Also, due to 
viscous effects, the actual propulsive thrust will be smaller than that 
calculated from Eq. 6.124 which is based on inviscid flow theory. 


(€3. 6,124) 


(eg. b.87) 


ydb é, 


paral ae) & 2, = grew 


Ca eA)" (150 ) (am Les ) (Le) 
GQao £ == 


and 2 
alae (0.00238 Se? \(G¢40 a t= -23,¢V 


boft and 
wind Speer ={Omp", 


CQ) Pop a tylinder with length = 
Number of Cylinders = Z ana 


JF | = (29.1 Bz )fin-me) (eke) saa) (50 4) 


34,400 |b 


(b) At Z@emph 


| F, |= J x (Fe 10 mph | = |05, 000 IL 
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6.73 A fixed circular cylinder of infinite length 
is placed in a steady, uniform stream of an in- 
compressible, nonviscous fluid. Assume that the 
flow is irrotational. Prove that the drag on the 
cylinder is zero. Neglect body forces. 


ar 
Drag = Fe = -f R Cos6 a dO (Eg, 6.117) 
(4) 
ee he tp (i #308) (eg, ome) 
Thus, 2r 


27 
a 2 
Prag = - ap [ cese d0 + & pu" | caro 40 


277 


— apr] ono cos 6 dé 
d 


Since, au 21r 
| esode = sin8 = 0 
(2) (0) 
21 oT 
Qua ads 
sin’ @ wosedO = a as 


6 


it TNs Dea 
D ra4 = 0) 


6.74% Repeat Problem 6.73 for a rotating cyl- 
inder for which the stream function and velocity 
potential are given by Eqs. 6.119 and 6.120, re- 
spectively. Verify that the lift is not zero and can 
be expressed by Eq. 6.124. 


27 


Drag = Fy = -f R (ose ade (Bg. 6.117) 
} 
2 
n 2 7 .2 2" sin8 = hd ko 6/23 
lea el (i= ashes Ter watee ) ) 
Thus, 2r aT at | 
Q 2 dp — 4| Sim 6 cos6 dé 
—— = OU [ tose [ 

Drag = a | coseas + SP 4 J | 
(2) | 
aT ‘ 1T | 
be | 
+ 27 [ cose sno de | Cos6 dé | 
aU J. ae r | 
£ \ 
Since , 2 21T , 
| tos@ d® = sind] =0 | 
d é | 

= 

aud a : 36 5 7 
sin cosoda = S| 7° | 
F S J, | 

27 — 21 

ae | cos@ sinB de = ae) =O 

0 o | 
it follows het | 
Drag =O | 


( con't ) | 
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( Cond ) 


27 
Lift = Fy = -/ sin6 adb (£9, 6.08) 
(2) 


w, th f, Aven by £3. 6.29 ie Foblours that Sse 


27 2Tr 
2 ‘ 7. 
Lifte= op | sivode + < pV [sie - + | sin ode 
oso ) } 


Since, 277 7t 
| shoe db = - cose =O 
(-) 


o 


ana az cose Y 

J sie ae a (siw O+2 

f) o 
and ar 217 

| sin’@ dd = ce sis) =TT 
rt follows thet 

Lith: - Spu"(25 \ir) 
Thus, 


(Which 1s Eg. 6.124). 


6.7.5 Atacertain point at the beach, the coast line makes a 
tight angle bend as shown in Fig. 6.75a. The flow of salt wa- 
ter in this bend can be approximated by the potential flow of 
an incompressible fluid in a right angle comer. (a) Show that 
the stream function for this flow is w = Ar? sin 26, where A is 
a positive constant. (b) A fresh water reservoir is located in the 
comer. The salt water is to be kept away from the reservoir to 
avoid any possible seepage of salt water into the fresh water 
(Fig. 6.756). The fresh water source can be approximated as a 
line source having a strength m, where m is the volume rate of 
flow (per unit length) emanating from the source. Determine m 
if the salt water is not to get closer than a distance L to the cor- 
ner. Hint: Find the value of m (in terms of A and L) so that a 
stagnation point occurs at y = L. (c) The streamline passing 
through the stagnation point would represent the line dividing 
the fresh water from the salt water. Plot this streamline. 


Ns 
Dividing 
Ponies 


y 
) 5 ! streamline 
‘his TRETOINEN ITT tad H ‘ 


Fresh water 
source 


(a) (b) 
BFIEGURE P6.75 


“x 
Fresh water 


(A) fer the given stream function, 
Y= Ar sinze 


aleng QG=o0 


=e 


Ano 


G=1t/2 Woo j 


Thas, The Vays Gzo and +h Cur be replacecs 


With a 


function /musft be 


sald boundavy along Which The stream 
Constant. Thi's 


bouudary 


forms a right angle ana Therefore Ths stream 


bs usenx 7o represtn} flow i « 


function» Cav 
Yight angle Corner. 
(45) Sywres 
ae af B 
Ves) + ay - 2Arcos 26 
at O=Th 
oF ZA KcosT? = —ZAr 
For a source located at tne origin 
_ am 
gaye 
Gna = pr EE 
Ti Pee | tr 


Jo Create a stagnation Peint at F=L and B= 5 


let- VE = Ve, 


(Con t ) 


6-78 


4 


(Con Z) 


Fives a stagnation Pein + at PEL, 6=%f | 


(C2 The combined stream functhey 1 


W=Ar*syn26+ “6 
Qna with pms 477AL? 
W=Ar*sin26+Z2Al76 
The value of Y at the Stagnation pomt (p=L, 621M) 1s 
= si Edis 
Vg Al*sint + 2AL(2) 


Zir 


= Ala 
THUS , The equation for the streqmline Passing through 
Me Stagnatwh point 3 
Al’ = Ar’sin2@ + 2ALO 


gr L*~ 2176 
ie sin2e 


P= 25 
sin 26 
For plotting et 
X'= F' cos 8 and 4=F sink 
qna 4 plot of the dividing streamline from 
Fe (1) 1s Shown on the following Page. 


( Gon't) 
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C Con Zh) 


Theta(deg) Theta(rad) rL y' 
10 0.175 2.857 0.496 
20 0.349 1.950 0.667 
30 0.524 1.555 0.778 
40 0.698 1.331 0.856 
50 0.873 1.191 0.912 
60 1.047 1.100 0.952 
70 1.222 1.042 0.979 
80 1.396 1.010 0.995 
90 1.574 1.000 
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6.76 Typical inviscid flow solutions for flow around 
bodies indicate that the fluid flows smoothly around the 
body, even for blunt bodies as shown in Video V6.10.How- 
ever, experience reveals that due to the presence of viscos- 
ity, the main flow may actually separate from the body cre- 
ating a wake behind the body. As discussed in a later section 
(Section 9.2.6), whether or not separation takes place de- 
pends on the pressure gradient along the surface of the body, 
as calculated by inviscid flow theory. If the pressure de- 
creases in the direction of flow (a favorable pressure gradi- 
ent), no separation will occur. However, if the pressure in- 
creases in the direction of flow (an adverse pressure 
gradient), separation may occur. For the circular cylinder of 
Fig. P6.76 placed in a uniform stream with velocity, U, de- 
termine an expression for the pressure gradient in the di- 
rection flow on the surface of the cylinder. For what range 
of values for the angle @ will an adverse pressure gradient 
occur? 


From Eg. G. 116 


—> 
—> 
—= 
> 
—> 


mw FIGURE P6.76 


R= R + J pt] 4 sin*6) 


TH4S, 


aE = sal * s/8 Cos © 
00 ee 


Ch 


Since an adverse pressure gradient occurs for & 
poss Are 26 fo, (bt follows fren Eg (1) Wut & 
fills 1a The range of + 90° for an adverse 

Pressure gradient? This range Correspnds 7 the 


rear half of The Cylinder. 


31 


@ 
\ 


| 
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4.78 For a steady, two-dimensional, incompressible flow, the ve- 
locity is given by V = (ax — cy)i + (—ay + cx)j, where a and c 
are constants. Show that this flow can be considered inviscid. 


For a two-dimensional flow {he shearing stress Is 
fe a nn ng JO OOP 

lay = Ue =A Cay tax 

With u“=ax-cy and w-=-aytex we oblain 
hey =M(-6 +e) =0 


ThUs, ly =2, for all xy and the flow can be considered 
inviscid with no shearing stfess. 
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6.79 Determine the shearing stress for an ine erage so1BIe Newtonian 
fluid with a velocity distribution of V = (3xy’ — 42) + 
(122y — yj. 


The shearing stress - an /ncompressible" Newtonian fluid i's 
ey = yx = (F +4 
2 yr) 
on ‘by Aig i tt 
he = (WY +9 
For the given velocity 
U = 3xy* ~4x 
Arms 2x*y = y? 
MW =O 
Thus, 


Try =f (Sxy +24Xy) = B0UxY 


Tyan HK (0 +0) ae 
and 


‘tex = &e(0+0) oe 


* Mote: For the le ven ent. 
VV / = +40 12 =3y* -/2x*) +(]2x*-3y*) +(0) =O 
Hence, 
VV =0 : the flow [5 incompressible. 
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6.80 The two-dimensional velocity field for 
an incompressible, Newtonian fluid is described 
by the relationship 
V = (12xy? — 6x3)i + (18x?y — 4y*)j 

where the velocity has units of m/s when x and 
y are in meters. Determine the stresses d,:, Fs, 
and 1,, at the pointx = 0.5m, y = 10 mif 
pressure at this point is 6 kPa and the fluid is 
glycerin at 20 °C. Show these stresses on a sketch. 


Leen oe S i Op (Eg. 6/25 a ) 
2 
Ty 2 btte B (ag, 1251) 


a 

Cs 
| 

S 

W/W 
els 

+ 

wo 

ie 

ed 


CEs. 6,/29d) 


For the given Velocity distri butson with X=05am and gs hom: 
~ s /2y°-18 x* = 12 (Le) ~ 18 (0,5) = 7.50% 
; os * L¥xy = a¢(6.5)(10) = 12.0% 
/ 
gv - ce ey = 3t(os)ho) Sige Te 
BX 
BY = 8x*j2q" = 18 (0,5)"- 12 (10)" =~ 150% 


a 3 N 2 N: Ss 
Thus, for ps 6x /0 pay and FF FO —. 


3 N:5 U 
Te, 2 bx oh + 2 (i902) (750t) = -5 98 4R 
RR 


3 ; ! 
Tuy = -— 6x /0 +. ~ 2 (150 MS )(-75035)* = 6, 02 


2 fae #3 (20% +1803) = ¥50R 
6,02 & Pa, 


45.0 Pe 
—| : 
| S98 RA 
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6.8! For a two-dimensional incompressible 
flow in the x-y plane show that the z component 
of the vorticity, ¢,, varies in accordance with the 
" equation 
De. = vVX%, 
Dt 
What is the physical interpretation of this equa- 
tion for a nonviscous fluid? Hint: This vorticity 
transport equation can be derived from the Na- 
vier—Stokes equations by differentiating and elim- 
inating the pressure between Eqs. 6.127a and 


6.1270. 


For two-dimensional Flow with ur=o , Es. 6.1274 veduce to 


gu Ou gu\__a a. 
p a te wR) 28 4 pg ap (eS -) cy) 


and Ee. 6./27b vecluces to 
a y) 
P oe ae |) 2 3 — (2) 
p (pee use OSE =~ SP  Pby tA axe” ay 


b owenbade Ee. li) wotth oe te 4 and Eg. é2) tsi th 


re 5 pect to x , and subtract Eg. (1) #yorr E9 (2) do obtain 


of Pe na Oo pred lee u dk , you 
Ox ae t* ax TUS, ay etm ox io = 
2 (ae ee a farm _ dtu ] 
Als axr * x4 } ~ 8y axe” y+) ae) 
By detin: tion (see Es. £47) 
a 2 au Ou 
27 Ox ay 
[Ce-wri te Eg ,(3) + obtain 
p) gUuU- gu 2. [av dx ) i! yee ge | 2 
pe ( ax ~ By ax \ Ox ~ ay . aie 
Pegs vf ave ~ ) Ce ee zt | 
Pp Dx? ax a4 Tout (# y (¥) 
(cont ) 
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(Cont ) 


Since each term in parenthesis in Ee. 69) Is 
jt fellows That 


a u Oh 4 2h - B( SS =) be, 


ax Ox? 


The left side of Eg.(5) Can be expressed 425 io Ep.4.5) 


Dfz where tne operator Df) is the matenal 
Dt Dz 


deriva tive . The right hand side of £¢@ (s) Can be. 
Ex Pressedl as 
yVE£ 
where DV = hyp So 3 Eqs) Can be WrrHtn as 
Diz . 
oe - 


Py £ 


Foy a nenvi'scows fluid ,U=o, and in This Case 


Th us, for a twe-drmensional Flow of on incompressible, 
Nenviscous #Flurd, the change sm the vorticity of « 


Fluvd particle as tl moves Through the tlow held 
18 WPre. 
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6.82 The velocity of a fluid particle moving 
along a horizontal streamline that coincides with 
the x axis in a plane, two-dimensional incom- 
pressible flow field was experimentally found to 
be described by the equation u = x”. Along this 
streamline determine an expression for: (a) the 
rate of change of the v-component of velocity with 
respect to y; (b) the acceleration of the particle; 
and (c) the pressure gradient in the x direction. 
The fluid is Newtonian. 


(a) From the Continuity eguation , 


Qua - 
ie liad 
so that with “B= x* 
ov. _ ou = See 
oY Ox =—_—_ (4) 


Also, Ee (1) Can be integra tec with vespect te 4 te obta ii. 


fav = fuzxdy 


2 245 + F(x) 


or 


Since The X-axis is 4 Streamline ) Y=0 along This axis aud 
therefore fl J=0 so That 


Wr = = ane y 
(b) ay a + dee = (x?)(2x) + (-2xy)@) = 
Ay woe r vs = (x*)(-24) + (- zy )|- a - 2x’ 
ftleng X-axis , ss aud Ttherefpre 4470. Thus, 


—" 


A 
7 2x71 
CC) From Eg. b/27@ (wits ee 
ae one 
a, = fa G(sA+ eS 


jo Fat 
2x°= ie. fare) 


and 
a 
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6.84 Oil (“= 0.4 N-s/m’) flows between two fixed horizontal infinite 

parallel plates with a spacing of 5 mm. The flow is laminar and steady 
with a pressure gradient of -900 (N/m’) per unit meter. Determine the 
volume flowrate per unit width and the shear stress on the upper plate. 


From Ev, (6.136) 
q = volume $ lowrate perunit width out of the paper 
3 
a 2hoe where ag == a 
For this flow 2Zh=Smm or fh = 2.5mm =2.5x]0°m 


and Ap/h =(+900N/m*)/m = +900N/m? 


Thus 
: 2 (2.5x10°m)*(900 & ) -5 yn 
= eo 5 O 
t 3 (0.4Ns/m*) Es. 
dU 
The shear stress is Ory 2 u(Sy +) 
where 
xe 2 pz 
Uu =o (E)y-h*) 2 ely —f*) 
and 
iy =0 
Hence 


ixy = - ey) = -fy 
On the upper plate yeh so that 


“Upper = magnitude of shear stress on upper plate 


= Fh = (900%) (2,5x10" m) = 2254, qcting in the 
positive X-direction the direction of flow), 


eas | 


6.85 Two fixed, horizontal, parallel plates are spaced 0.4 in. 
apart. A viscous liquid (s =8 X 10 *lb-s/ft?, SG = 0.9) 
flows between the plates with a mean velocity of 0.5 ft/s. The 
flow is laminar. Determine the pressure drop per unit length in 
the direction of flow. What is the maximum velocity in the 


channel? 
_ R° df 
ve % (£9, 6./37) 
Thus -3 [bs 
* AP. sav . o (exp a (as £) 43,210 perf; 
> — ___ = > — yr 
pe (22 the \ 2 _ 
12, Ln. ) 
ft 
= 3 
Umax” 3 V (Eg 6.138) 
_ s ft a £t 
= 5 Ces = = 
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6.86 Aviscous, incompressible fluid flows be-! 
tween the two infinite, vertical, parallel plates of 
Fig. P6.86 Determine, by use of the Navier— 
Stokes equations, an expression for the pressure 
gradient in the direction of flow. Express your 
answer in terms of the mean velocity. Assume 
that the flow is laminar, steady, and uniform. 


Jetebne] 


FIGURE P6.86 


with the eoordinate system shown uU=0,ur=0 and trem the 
continuity Cf uation oe =o. Thus, from The Y-tomponent 
of The Navier-Stokes "24 uations CEG. 6.1276), wir ay 


— ee d2u- 
| O- 95 Pd *M Tae 
Since The pressure 1s nok a function of x » -R. 1) can 
be written as 


dey. £ 
OX> he 

( witheve P= $2 +p3) ond integrated to obtain 
a ee. 


From Symmetry OA nn gh hip So tet Gee: In teqyation 
of Fe (2) gields 
, = 4%: git pceoiae Eg 2) 
Since at X=th v=o it fellows That 25 ah 
and Thererore P a 
Yad Zu (x —th, ) 


The flowrate per unit — in the Z-direchow can be eX pressed a5 
— tg 2 1,2 ie Ps 


3 - 
—h 
Thus, with V (mean Velocity ) given by The L4euation 
2... 2S 
V=3,° ° #3 - 


it Pollputs Mat 


OP _ _ BV | 
ay ~~ C8 


h 
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6.87 A fluid is initially at rest between two 
horizontal, infinite, parallel plates. A constant 
pressure gradient in a direction parallel to the 
plates is suddenly applied and the fluid starts to 
move. Determine the appropriate differential 
equation(s), initial condition, and boundary con- 
ditions that govern this type of flow. You need 
not solve the equation(s). 


Ds Flerentia/ € ge tions are The Same as Es. 6/24 6/36, ana 
6.13) except That 2240 Csince The Flow 18 unsteady ), 


Thus, Eg. 6.129 ryust la clude The loca/ aclelera tion teri, 


ae, qui The Governing Ad: thevenhral Cyuations are; 


ae om. o*u 
aaa 6° SE Sy (with BP = constant) 
(4- aivection ) O= “2 = ee 
cz divection ) O-- oF 
LTnitia!l Condition: “h=0 for tro fr aly 


Boundary Conditions : u=o for yet ye fae CED 5 
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6.88 (See Fluids in the News article titled “10 tons on 8 psi,” Section 
6.9.1.) A massive, precisely machined, 6-ft-diameter granite sphere 
rests upon a 4-ft-diameter cylindrical pedestal as shown in Fig. 
P6.88. When the pump is turned on and the water pressure within 
the pedestal reaches 8 psi, the sphere rises off the pedestal, creating 
a 0.005-in. gap through which the water flows. The sphere can then 
be rotated about any axis with minimal friction. (a) Estimate the 
pump flowrate, Qo, required to accomplish this. Assume the flow in 
the gap between the sphere and the pedestal is essentially viscous 
flow between fixed, parallel plates. (b) Describe what would hap- 
pen if the pump flowrate were increased to 2Qy. 


. < O psc 
Sms Unit width ; e) £ . 
* 6.005 in. 


— 


, -4 
BE eee = 0,0025in. = 2.08x10 ft £ 
~+,\ 375 Ie \/i4u i — —. > 
(2) (2 —e ) feu 
f- 2 (2.09 x6 4) (8 inn)( lp —— $i, ——— 
3 (2.34 x10 er ‘i'n. 


m IX ify width = TT (4#%) 
= 8.8L x10 Ea per unit width 


“TAKS 3 ers) 
Q = (g.8bXxI0- £*) (4m ft) = oom = (4.98 See 
0 ‘ nd 
(b) Since 8 psi supports the spheve (t is expected Met this 
Pressure Sten approximately The same as “the flowrate 


Ineveases. To mainta'n this pressure the distunce mai 
Would have +) \ucvease as Cor 2 ) is incveased . 


Thus , Lyom Eg. 6.126 , 


be < (te) 


F. = (Pew 3 
Nold 


Hectic” (2) (0.0025 in.) = 0D. DO3IG Ih. 


Thus, The Gap wit would Increase. te 
APpyoximately ©.00630 In. 


Ft 


° 
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6.89 Two horizontal, infinite, parallel plates are spaced 
a distance 6 apart. A viscous liquid is contained between the 
plates. The bottom plate is fixed and the upper plate moves 
parallel to the bottom plate with a velocity U. Because of 
the no-slip boundary condition (see Videu V6./5), the liquid 
motion is caused by the liquid being dragged along by the 
moving boundary. There is no pressure gradient in the di- 
rection of flow. Note that this is a so-called simple Couette 
flow discussed in Section 6.9.2. (a) Start with the Navier— 
Stokes equations and determine the velocity distribution be- 
tween the plates. (b) Determine an expression for the 
flowrate passing between the plates (for a unit width). Ex- 
press your answer in terms of b and U. 


(2) For steady Flo with W=ur=so ¢t fellows Thet The 
NMavier- Shokes pu ations reduce to (1h direction of low) 
Thus for Dtro Pressuve Gradient 


Jo That n= aux 


At ye uszo and rg follows Wal C= 0. Similarly, 
(ey 

at yeh u2U and C75 

(here fore, 


b 


rr y? 
4 2 


(L) 


fe) 
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6.90 A layer of viscous liquid of constant 
thickness (no velocity perpendicular to plate) 
flows steadily down an infinite, inclined plane. 
Determine, by means of the Navier-Stokes equa- 
tions, the relationship between the thickness of 
the layer and the discharge per unit width. The 
flow is laminar, and assume air resistance is neg- 
ligible so that the shearing stress at the free sur- 
face is zero. 


with the coordinate system shown in The fi gure 
VO, ur=o, and trom The Continutty eZuation oe =o. Thus, 


from the X- Component of the Waver -Stokes eguations (Fg. 6/272) 


on =P asind + d?u C 
ax *G i dye © 


Also, since There is a tree surface, There Cannot be « pressure 
gradient th the x-direction So fuot 29P =-g ond 23.) 
can be written @s ox 


dy2 ws 
Lntegra hion yields 
de = - (Ef sind )y + C, “a 


I 
x 
i 
H 
I 
SS 
= 
s 
R& 


Since The Shearing stress 5 
ue Iu 
toy = # (3 ee) 
eguals Yero at The free surface (424) it fellows That 
au 
a4 
so That The Constant in Fg .(2) Is 
Ce Le Sine 

ee 

Ln tegration of £9 (2) yrelds 
aa ‘ 

u=- (28 sin) F + (C8 sm)y + C, 
Since uzo at g=0o, (t Aos/lows that bos =o, Gud there thre 
2 | 
uz OF sina (Ry- 2) 4 
The flowrate per unt width can be expressed 458 4 > I udy 
So That 4 “ £3 : x 

5 _ S/n 
g-/ Af sind (hy- 4 Jay = on a | 

2) eee 


=o at yak | 


G9 


6.9 Due to the no-slip condition, as a solid is pulled out 
of a viscous liquid some of the liquid is also pulled along as 
described in Example 6.9 and shown in Vide V6.Il. Based on 
the results given in Example 6.9, show on a dimensionless plot 
the velocity distribution in the fluid film (v/Vp vs. x/k) when the 
average film velocity, V, is 10% of the belt velocity, Vo. 


Fron Example 6.7, the avevage velocity 13 given by the efuation 


2 


Y= re C1) 


with the yelocity distri bation 
2 thy + a 
yr 


xX 


LE vaoy, : then trom Eg (/) 


0.1 V>= Vo = 


= th? 
Vo earn 


In eee form £4.12) hecomes 


x h 
ie et rr 2 oe) + 
Frem E@ (3) 
ah 
Vy 
and £3. (4) can be written as 


+ has )'- 27(F) +! (Ss) 


A plot of The Velocity distvs bution is shown below. 
vNo 
1.000 
0.744 1.500 
0.514 
aoe 1.000 
0.136 S 0.500 
-0.013 
-0.134 ane 
-0.229 -0.500 
-0.296 
-0.337 
-0.350 


= 2,7 


Calculated from 
Eq. (5) 
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6.92 An incompressible, viscous fluid is 
placed between horizontal, infinite, parallel 
plates as is shown in Fig. P6.92. The two plates 
move in opposite directions with constant veloc- 
ities, U, and U,, as shown. The pressure gradient 
in the x direction is zero and the only body force 
is due to the fluid weight. Use the Navier—Stokes 
equations to derive an expression for the velocity 
distribution between the plates. Assume laminar 
flow. 


FIGURE P6.92 


For The specifi ec! Condi trons , se, Wrse oP so, and 2. 20, 
So That The X- Component of the Navier - Stokes gua Lions 
(Eg. b,/27a) reduces to 

Jiu . 

dur C/) 


Integration of Eg 0) yselds 


on C Ye = C2) 
For 4s OC, w=- and Therefore trom Eg .¢2) 
¢>-0, 
For y= é, a=, so That 
i= Cb 
or - Ori 
js Se 


2 
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6.73 | Twoimmiscible, incompressible, viscous 
fluids having the same densities but different vis- 
cosities are contained between two infinite, hor- 
izontal, parallel plates (Fig. P6.93, The bottom 
plate is fixed and the upper plate moves with a 
constant velocity U. Determine the velocity at the 
interface. Express your answer in terms of U, x, 
and “#,. The motion of the fluid is caused entirely 
by the movement of the upper plate; that is, there 
is no pressure gradient in the x direction. The 
fluid velocity and shearing stress is continuous 
across the interface between the two fluids. As- 
sume laminar flow. 


For The spec/ fied conditions V=0, w= 
that the x- component of The Navier- Stokes eyuations on 6./274) 


FIGURE P6.93 


of = - 
Cae Oo, Wie 4s =e, 


for esther the upper or lower layer reduces te 


AS 2u 
dy* 


Integration of £9.) welds 


u=Ay +8 


Which gives the velocity atstribution ty esther layer. 


In the upper layer ak g=2t, 
B=«u- A, (2h) 


“=z U §oO That 


where The subscript | refers to the Upper layer, 


For the lower layer ot yao 


BL ~6 


2 


u=o0 Se That 


59 


Where The subscript 2 vefers +o the lower layer. Thus, 


ana u, = A, y 

At yah, uu, = 42 
A, (h-24) +0 = 

er A, = _A,+ a 
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uz A, (y-2h)+U 


(Cont ) 


€7) 


I = 


Since The velocity clistribution 15 linear tn ach layer 
The shearing stress 


Ou ov). Ju 
te KR +E) > ar 3 
1s constant Throughout each layer, For the upper layer 


b, Fa A, 
and for the lowe lager 
Te MA 
At the interface a = ¢. 93) Dia 
As A, =% A. 
er A = fr 
Ae AY 


Substituton of Eg (3) into £9.12) yields 
Ae * = A, + - 
UL. 
[ % Pa [pp 
Thus, velocity ot the interface 15 


~- = 9 St a. 
u, (y=h) = AF re 


| 


Or 


A,: 


6-98 


3) 


6.94 The viscous, incompressible flow between the parallel plates 
shown in Fig, P6.94 is caused by both the motion of the bottom 
plate and a pressure gradient, dp/dx. As noted in Section 6.9.2, an 
important dimensionless parameter for this type of problem is 

=. —(b?/2 p.U) (dp/dx) where pis the fluid viscosity. Make a plot 
of the dimensionless velocity distribution (similar to that shown in 
Fig. 6.326) for P = 3. For this case where does the maximum ve- 


i y) 
locity occur? BFIGURE P6.94 


0 2 
ac= oP) y + Cyt Se (E¢. 6.133) 


At oe nel so That ae oe At yah uso 
ana Therefore 
oO 


wl sxe Fe Ur 
zit ap Bf) e- + 
m= ine (5% (943) 7 b (1- 


or ip dimension ~ form 


4-3 wae HG \G- ae — x 


Sine, -»* or 
2 es eae 
ou OF 


(SE e+ ¢cbtuU 


Eq. Ci) can be written 4s 


we P(EEJ-d 
[ee T b y.) ye) 


/t plod of This Ve locity distribution for Pea 
(s shown on The following Page. 


( cont 
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with P =3. 


To determine where the makimum yelocity occurs 
cl fferentiate Fags iz) and sez 1 to Here, Thus, 
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695 A viscous fluid (specific weight = 80 Ib/ft*, viscos- U = 0.02 fs 
ity = 0.03 lb- s/ft?) is contained between two infinite, hori- a 
zontal parallel plates as shown in Fig. P6.95. The fluid moves 
between the plates under the action of a pressure gradient, and 
the upper plate moves with a velocity U while the bottom plate 
is fixed. A U-tube manometer connected between two points 
along the bottom indicates a differential reading of 0.1 in. If the 


upper plate moves with a velocity of 0.02 ft/s, at what distance 
from the bottom plate does the maximum velocity in the gap 
between the two plates occur? Assume laminar flow. 


1g -A9t AX 


m FIGURE P6.9 


y / 
b ” Se 2f ) (y7-by) (Eg. 6,/40) 


Maximum velocity li'// eccar at chsknce Gam Where Tt 20. 


re) 


For tnanome ter (see Figure to right) , 


P + Si Ah Yap ah =f 
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6.96 


Shaft 

6.96 A vertical shaft passes through a bearing and is lubri- 75 mm 
cated with an oil having a viscosity of 0.2 N-s/m? as shown in ; 
Fig. P6.96. Assume that the flow characteristics in the gap be- Bearing 
tween the shaft and bearing are the same as those for Jaminar 
flow between infinite parallel plates with zero pressure gradient 160mm 
in the direction of flow. Estimate the torque required to over- | 
come viscous resistance when the shaft is tuming at 80 rev/min. 

— Oil L925 mm 


m FIGURE P6.96 


The torg ue due +. force dF actus 
on a differential ave. dhe eRe, 
is (see figure at vight ) 


2 bi ha t [ th 
dT =o dF = Tide iii. | 


where tT is the shearing stvess, Thus, 
er 
Ts ees [ 40 = amr, t 2 ct) 
(2) 


Tn the Gap, 


(Eq. 6.142) 


Where UFrnw b is tne gap width , Also, 


top > AE 
Thus, From Bagi, te) 
T= amr (ME) f= am rH pws 
3 Nis Vv mm iin (o, loom) 
aT (0.075 mm) (0.2 ad re | ol Feat on (0.25 x lo *am ) 


= 0.355 Nem 
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6.97 


6.97 A viscous fluid is contained between two long con- 
centric cylinders. The geometry of the system is such that the 
flow between the cylinders is approximately the same as the 
laminar flow between two infinite parallel plates. (a) Determine 
an expression for the torque required to rotate the outer cylin- 
der with an angular velocity w. The inner cylinder is fixed. Ex- 
press your answer in terms of the geometry of the system, the 
viscosity of the fluid, and the angular velocity. (b) For a small 
| rectangular element located at the fixed wall determine an ex- 
pression for the rate of angular deformation of this element. 
| (See Video V6.3 and Fig. P6.10.) 


| X~ cylinder length 


ns 


| C+ shearing stress 
(A) The torgue Which musi be applied to outer cylinder to ovevcome tu 
force due +» the Shearing stvess 15 ( see figure ) 
, dg= dF = % (THPdO) = 4% 72 do 


So That : ii 
mT a he tf 46 « arr, th (1) 
(2) 


= v¢ (Bg, 6./¥2) | 


QnA b= Nh-Yr: 


(Cont 
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6.47 (Cont ) 


(4) Frem E9. 618 


1 oe au 
5 Sano 


bor The linear distributes 


The negative 519” jncicates Tat the original 
Yight angle shown in Fig, Pb.104 is facreasing . 


Mee ao 


*6.98 Oil (SAE 30) flows between parallel plates spaced 
5 mm apart. The bottom plate is fixed but the upper plate 
moves with a velocity of 0.2 m/s in the positive x direction. 
The pressure gradient is 60 kPa/m, and is negative. Com- 
pute the velocity at various points across the channel} and 
show the results on a plot. Assume laminar flow. 


The velocity distibuton 1s given by the eguatrOn 


= uz + 2 (22 )(9?- by) (£9. 6.140) 


and for the guin data, 


(o.aZ) F , 
(ge are - iv 2. 
(nr 


so Mat 


u= OY 4+ 7.89x10" (0.005 4 - 47) (1) 


with le otm rm/s when Y Is nm. 


y,m 
0 
0.0005 
0.0010 
0.0015 
0.0020 
0.0025 
0.0030 
0.0035 
0.0040 
0.0045 
0.0050 


Calculated 
from Eq. (1) 


Tabuloted data @nud a plot of the dato are 
Given below. 


u, m/s 0.005 
0 

0.1975 
0.3556 0.004 
0.4742 
0.5534 | 
0.5931 0.003 - 
0.5934 E | 
0.5542 os 
0.4756 0.002 
0135/75 
0.2000 

0.001 

0 
0 0.1 0.2 0.3 0.4 05 0.6 
u (m/s) 
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6.99 Consider a steady, laminar flow through 
a straight horizontal tube having the constant el- 
liptical cross section given by the equation: 


The streamlines are all straight and parallel. In- 
vestigate the possibility of using an equation for 
the z component of velocity of the form 


2 2 
wea(i-5-2 


as an exact solution to this problem. With this 
velocity distribution what is the relationship be- 
tween the pressure gradient along the tube and 
the volume flowrate through the tube? 


Frem the description of The problem, u=o, V=0, J,79, w# (4) 
and the Continuity Cg uation maicates That ae io these 


Conditions the z -Ccompontnt of The Mawidr-Sishes e gua tions (Eg 6,/27c) 
veduces +o 


oP fur an 
aa * fat re, 


(/) 
Due to the no-slip dounclary mee ,Y FO on The 
ell phieg/ boundary 

a4 2 x 
a 


6 


Thus, The Propesedt velocity distr bution satisthes This 


Condi tion Since on The boundarg 


wre A (0-2-8 De Ale (B LY) =a [i- 0 


This vesult indicates het the propesed velocity distri butou 
Can be used as @ Solution, Subst/tuton of the veloc ty 
distribuhon into £g.ts) gives the velatwuship between 

The pressure qratent , of ) md The velocity Since, 


ow ». aR aur 
ax * at dy? bz 
1£. fellows That 


p 3 | 
= ~2AK (= +z) (2) 
(cont) 
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The volume flowrate , Q through 
the tube 1s given by the eguation 
Q= [ ur dA 


bie 
[- fi- 9* 


tf [ns 
~ ¥ 


3b 
le 
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6.100 A simple flow system to be used for steady flow 
tests consists of a constant head tank connected to a length of 
4-mm-diameter tubing as shown in Fig. P6.100, The liquid has 
a viscosity of 0.015 N - s/m’, a density of 1200 kg/m%, and dis- 
charges into the atmosphere with a mean velocity of 2 m/s. (a) 


Pressure 


Verify that the flow will be laminar. (b) The flow is fully de- gage 1) (2) 
veloped in the last 3 m of the tube. What is the pressure at the 
pressure gage? (c) What is the magnitude of the wall shearing ee A 
stress, T,,, in the fully developed region? —— ' 

: |___3 m _——+| 


Diameter = 4 mm 


B FIGURE P6.I00 


(a) Check Reynolds bumber to determine tf How ts laminar ! 
Re = AY GP os (1200 RZ ) (2 2) (0.004) 


a 0.015 MS 
(072 


Since the Abynolds number ks well below loo The How i's laminav, 


= ¢4o 


th) for lammar Flow, 
a 


L 
V- 5 
Since are Pg = $72 (see figure ) 
N.S ~m 
p a 5 Me ve . 8 (0.015 Me 22 ) fam) 7 M30 AP 


Op (ey. 6./S2) 
ya 


a (2:20 nm) a 
cc) ‘Tt a ee | (Eg. 6.26) 
For tally developed pipe #low, wa0, So That 
ps tee 
Also, Wes Une! -(£) (Eg, 6.184) 
ant with Yi 2 2V . Where V is The mean velocity 


| 62° aA 
Thus, at, the wall, r=R, tw N.S ) 
we (23 )|6.0i Fae NV 
a mye (ae SSeS 2 60.04 
| is R nd 


<= pen ) 
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6.10! (a) Show that for Poiseuille flow in a 
tube of radius R the magnitude of the wall shear- 
ing stress, T,,, can be obtained from the relation- 
ship 


4uQ 
(tee) wan z a 


for a Newtonian fluid of viscosity 4. The volume 
rate of flow is Q. (b) Determine the magnitude 
of the wall shearing stress for a fluid having a 
viscosity of 0.004 N-s/m? flowing with an average 
velocity of 130 mm/s in a 2-mm-diameter tube. 


(Ep. 6.1264) 


ee a [i-(ey] (29. 6.154) 


V 1s The mean velocity , it follows 


Thus, at the wal/ (rae) , 


2 = TPF 
(fe Vs sin R 
Qnd with Q= TR*V 


| (%.) = 4h Q 


wel | TR? 


ao) 


=e E apy = # (0.004 "x )(o.120 #) 


R ( Oe ) 


= 2.08 Fa 
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6.102 An infinitely long, solid, vertical cylin- V-=0 
der ot radius R is located in an infinite mass of J 
an incompressible fluid. Start with the Navier— i ri‘ 
Stokes equation in the @ direction and derive an 
expression for the velocity distribution for the 
steady flow case in which the cylinder is rotating 6 
about a fixed axis with a constant angular velocity 

j@. You need not consider body forces. Assume 

that the flow is axisymmetric and the fluid is at 

rest at infinity. 


For This Flow Field Y_=0 Vz =0 and trom the continusty eguation, 
d 


} 
o(ru, vz an; 
A apt g Se oa (25, 638 
iL follows That Mw 
— =9 (See Figure hr tetabin.) 


Thus, The Navier- Sikes eguation in The O-direction (Eg. 6./28b) 
for steady tow reduces bo 


Due to The symmetry of The How , 


2 
That ae 
So 4 
a 2. [fr G2} =, 
Far Ir Pe 
Or 
Ove , 1 8% _ vB _ 
ry a a | ar id ny | 
Since vs is @ tunctio yp of only Eg. M4) Can be 


CX pressed @s Qn ordinary od: Pferenhe/ OL Lon, auel 
Ve-writen as 


d* Uz du 
a —s (2) = 
db dr (2 ) . as 
Eguation (2) cay be integrated +o yield 
d Ve we “e = ¢, 
Fr - | 
or d 


rt 2%e +¥esz CF 


=. 
dP ee, 


(cont ) 
Eguation (A) can be expressed as 


d (Up) | 
c/k 
and 4 second integration yields 


2 
a oe ae A 


cr 


Cr G 


Ve > 2 & 
“G 


As be, V,—70, (since Fluid 0 ab vest at infinity) 
AY.) Tha z GEO: Tres, 


W% = 
Qund since at F= 
aun 
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*6.103 As is shown by Eq. 6.150 the pressure gradient Compare the pressure drop over the length ¢ for this nonuni- | 

for laminar flow through a tube of constant radius is given form tube with one having the constant radius R,. Hint: To | 

by the expression: solve this problem you will need to numerically integrate 
ap BuO the equation for the pressure gradient given above. 


az arR4 


For a tube whose radius is changing very gradually, such as 
the one illustrated in Fig. P6.JO3it is expected that this equa- 
tion can be used to approximate the pressure change along the 
tube if the actual radius, R(z), is used at each cross section. The 
following measurements were obtained along a particular tube. 


mw FIGURE P6./03 


From The €guation given for the pressure gradient, 


4 
[+ 2 = {oe dz 
‘ . 7 [Ree)]* 


°o 


Since p-P=4?P (The pressure drop) :t follows tat 
g -+ 
Ap= uae | [ee] dz 


or, with Z*%= 2/1 ana je*= r/R, , 
- B43 f foal iat 
bp Bee [ ee) dz 


For a constant radius tube (see £3. 6.(51 ), 


R=R, IK, * 


So That 


/ 
AP (nonuniform tube) _ [era 
Ap (uniform tube) a 
This tategral can be evaluated nameriéal!5 

using THe trapeyodal rule, Le, 
< 1 Ba! Ff (4. -»¥ ) Ww here 
aE tg ee 9% G.,.) ttl & 
oe 
af es 
Yn (e*) ’ aha hw £ 


(con't) 
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R/Ro = (R/Ro)*-4 
0.0 1.00 1.00 


0.1 0.73 3.52 
0.2 0.67 4.96 
aS 0.65 5.60 
0.4 0.67 4.96 
0.5 0.80 2.44 
0.6 0.80 2.44 
0.7 0.71 3.94 
0.8 0.73 3.52 
0.9 0.77 2.84 
1.0 1.00 1.00 


Thas, 


Ap (um forrn tue) 
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Ap (nenunitorm tube) _ 


The 
Using the tabulated clata above 
aienicaee Value of The integral se Bsa. 


SS. 


a S 


6.104 A liquid (viscosity = 0.002 N-s/m?; density = 1000 
kg/m?) is forced through the circular tube shown in Fig. P6. 

A differentiat manometer is connected to the tube as shown to 
measure the pressure drop along the tube. When the differential 
reading, Ah, is 9 mm, what is the mean velocity in the tube? 


eee Oe 


Density of 
gage fluid = 2000 kg/m? 


mw FIGURE P6. 


Assume laminar flow so That 
+ & ap (Eg 6.45 ) 


for manometer (see figure ), 
Proah “i day bh =f 


or 
P-p-4p= 44 (hy, -¢) * 44 (3) E.G ) 
= (0.007m)(9. I $1) (2000 =& = sooo 72 ) 
> wa & 
Thus, 0 . x 
_ (288m) (3) yg ig? 


§ (0.002 w=) (2m) : 


Check Ky nolds number to Confirm thet flow ts lammar : 
Rs AYR) (10° SB ) (110 KIO) ( 0, o0¥m) 
- Goo <2, 
tn * 


~ 


= Z2,0 < 206 


Since Re<2i0o flow 13 laminar. 
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6.105 An incompressible Newtonian fluid flows steadily between ; 
two infinitely long, concentric cylinders as shown in Fig. P6.10S. Fixed wall 

The outer cylinder is fixed, but the inner cylinder moves with a lon- LiL. Lh hhh hhh hhhhhhhhhhhhhhhhdhhhhhdhhhehdhededhdededededear 
gitudinal velocity Vy) as shown. The pressure gradient in the axial 
direction is — Ap/@. For what value of Vo will the drag on the inner 
cylinder be zero? Assume that the flow is laminar, axisymmetric, 
and fully developed. 


= 


FIGURE P6.!05 


E gua hion 6.147 , hich was developed for flow wm Circular tubes : 
applies in The annular yegun. Thus, 


= &. FOL 
We 2 i af ) Pp + C4nr tt (1) 


with Loupdary condi tons , r=) Ue, and rah, U3 = V, 
it follows That: 


) 


wee OP \ p? e 2 
o= BCH) B+ eng + : 
=e oP 2 
V5 1 (2E )r. + ¢, An en o (3) 


Sub tract 9. (2) from £3.03) t, obtain 
ae 
0” (FE )(n3- 157) + 6 2 


: 
Ve - qa (8 ) (17-63) 


‘ Rn te 
6 


The drag on The snner cylinder will be zero st 
(Tes — = 


Since. , ae 2 Vp Ly 


ov] 


So Wat 


(£9 eset) 
and with Bo (t folous Mat 
ae o Uz 
ee OF 
(con't ) 
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6405 | (Cont) 


Dy Peak oe Eg.t) with respect to & tbe obtain 


Thas, in order for The clrag to be Z€rO, 
L (22) p. + Vo ~ Ga (HE )hr2-%*) _ 


> al h 
hk. An 
Or | i 
} ie) 2 2 
ee An & — Ct; -)| 
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6.106 A viscous fluid is contained between two 


infinitely long vertical concentric cylinders. The 
outer cylinder has a radius r, and rotates with an 
angular velocity w. The inner cylinder is fixed and 
has a radius r;, Make use of the Navier-Stokes 
equations to obtain an exact solution for the ve- 
locity distribution in the gap. Assume that the 
flow in the gap is axisymmetric (neither velocity 
nor pressure are functions of angular position 
within gap) and that there are no velocity com- 
ponents other than the tangential component. 
The only body force is the weight. 


The velocity distribution in the annular space is given by The 


e4 uation 


( See solution to Problem 6.94 for derivation. ) 


With the boundary Condi tons Feb, Vy=0 and 
= ie Oo) ( see figure for hotation ) | (& follows 


SG 


ue 


V, = oF + & 
Zz F 


From Eg.u) thet: 


There fore ; 


e, 


= — 
© a 


ou au 


C1) 
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6.107 For flow between concentric cylinders, with the outer 
cylinder rotating at an angular velocity w and the inner cylin- 
der fixed, it is commonly assumed that the tangential velocity 
(vg) distribution in the gap between the cylinders is linear. Based 
on the exact solution to this problem (see Problem 6.106 the ve- 
locity distribution in the gap is not linear. For an outer cylinder 
with radius r, = 2.00 in. and an inner cylinder with radius r,; = 
1.80 in., show, with the aid of a plot, how the dimensionless 
velocity distribution, v,/r,w, varies with the dimensionless ra- 
dial position, r/r,, for the exact and approximate solutions. 


For @ hinges ve locity distribution (approximate soludiin) 


Ves few oe 
i= f° 


and in nendimensional form 


- bo” (1) 


Ke the exact solution (see Problem 4.106) 
ra [1 ro 

an aa gs 

(~ Byki F 


and th Nendimensional Lorm 


r -2 
Va . w ie (+) (2) 
= = — 2 
yw% (|- ee o e 
a 


For mee Lge in Gna Es 2.0049. some tends il tanh Values ond 
a graph are Shown below. Note that fhere os little 


difference between the exact and approvimete Solutions fer this 
smal] gep width. For all practical purposes Lotn solutions fal/ 
on tae Single curve shown. 


1.000 - 


Linear 


0.000 | 0.000 | 0.900 
| 0.913 | 


| 0.125 | 0.131 
0.250 | 0.260 


0.980 
0.960 }—- 


0.925] 5 oan te 
: 
| 0500 | 0.512 | 0.950 __ 0.920 
| 0.825 | 0.837 | 0.983 | 
0.750 0.759 0.975 0.900 # 
5 0.880 0.988 0.000 
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6.108 A viscous liquid (s2 = 0.012 Ib-s/ft?, p = 1.79 
slugs/ft*) flows through the annular space between two hori- 
zontal, fixed, concentric cylinders. If the radius of the inner 
cylinder is 1.5 in. and the radius of the outer cylinder is 2.5 in., 


what is the pressure drop along the axis of the annulus per foot 
when the volume flowrate is 0.14 ft?/s? 


Check Reynolds Dumber to determine 4 Flow 1G laminay 
Re= LVR 
D i 
Where Dy = albh-r) aud Y= saa 


T Cneh ie 
Thus, Se 2 @ , # (1.79 SEES (0.14 2) 
2 lee 


Th Cloth) 7 (0.0/2 = ) 8. 2/5h) 
Ft fein. 
= 394.9 < 2100 ae 


Since The Reynolds number 1s well below 2100 The How 13 


laminar a@udl 


_ 7 4 #  % (yaipd)” 2 
= Sue Sf | == a } (Eg 6/86) 
wie 
So that 


5h O 
Ap _ a 
74 re nr (%2-p.2)* 
L, i" 
¥ (6.0/2 bee Vy /4 £0) fy 
- \# LS 4.511 1, Sin 
pare ~ (13m) [ 12 2H) - ell 
Ft 4t eek ATL 2.9 
LON, 
= 23! oa per ft 
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6.109 Show how Eq. 6.155 is obtained. 
From £g. 6./47 
at, fap p32 nk +6 (Eg. 6.147) 
vgs ig (BO Ger . . 


Fer flow 1a Gn annulus , YY =o ak +F=K and 


Wyse ap PF This trom EG. 6./¥7 


aQhHA Solving yor Ce ana G 


4 


a pelea) (a? 1) 


Cc = 
In 


(38) (47+ 


3 


Substitution of £gs. (1) ang (2) into pj 6./47 


91 Ves 


/ fop 2 
v3= we(3 ales + ey” | 


Which 1s the desired Cguatin (E%. bss). 
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6.110 A wire of diameter d is stretched along the centerline 
of a pipe of diameter D. For a given pressure drop per unit 
length of pipe, by how much does the presence of the wire 
reduce the flowrate if (a) d/D = 0.1; (b) d/D = 0.01? 


the Volume flowrate As Given by Ee. 6/86 
ae eo (or ne)" | (Eq. 6,156) 
= K =e se ie 56 
Y SAK : (n() 
Which Can be written 45 
4 bey2]? 
gn El et, Le cae 
5M i In (4) 
Y 
Eq, “l) Can also de written as 
ae i Ea 
(mtg) Ee 
ln($) 
Note Tab ~ser w 20 (tre: sect) 


= Wh, * &p 
sms 
Which Corresponds to Povsem les Law (Ag 6./57). 


(A) By a= & |, Eg.tey gwes 


a 
QD = 0 AP ji — (atk [i- 6.04 = 0.574 
SMR In (0.1) 
Thus, foy The same Ap the Tlowrate is reduced by 
So Veduction vi Y= [f= O54) x<¢ 100 = 42.6 % 
6b) Similarly, for d = 0,0/ £9,(2) 91 Ves 


go = THT aot, Ux eo) ( = 0.183 
SAK lh (0.01) 


of, recluction In Y = (1 - 0.783) % 100 = 217% 


GAKd 


Wo te That The presence of CUlH a Very Smal wire alow y 
The. 7tube Cenfer/ine Nas 4 som hcant effect on The flowrate 
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7.2 Verify the left-hand side of Eq. 7.2is dimensionless using the 
MLT system. 


D 
ae = (Sar) where D=L, fy = i ~) p 


Thus, 


D aft Mm L al 
ae = Lf s =) = = Mil? T 


That is nap is dimensionless. 


7.3 The Reynolds number, pVD/u, is a very important 
parameter in fluid mechanics. Verify that the Reynolds number 
is dimensionless, using both the FLT system and the MLT SyS- 
tem for basic dimensions, and determine its value for ethyl al- 
cohol flowing at a velocity of 3 m/s through a 2-in.-diameter 
pipe. 


Reynolds hum ber = fxs, repr, Fas aa 


Perr ot 
2 faire} eT hd a 


ML 74 


u 


at Ae 
Lor eth y/ aleohel f= LIG X10 rr and 


P= 789 36 

Thas, 
pyb_ (re9 86,)(3 B)( &) (0.3008 F ) 
pM iz re 


bv VR Mg = BES 
fn 


= /.b/x10° 
——_—_—_—_—_= 


7.4 What are the dimensions of acceleration of gravity, density, 
dynamic viscosity, Kinematic viscosity, specitic weight, and 
speed of sound in (a) the FLT system, and (b) the MLT system? 
Compare your results with those given in Table [.1 in Chapter 1. 


Velocrty . Lb 
+im-e -t™ 


. a Ams A fet pe LTD 
p= density unit alunae L3 L+ (since 


d = acceleration of gravity = 


=i2 


stress & FL 


—— 


Velocity Grachent 7. sa LT 


= dynamé viscosity = 
‘ ‘ aa 4 
dynam viscosity ae 


y= Rinema tie viscosity = density 


Weight a 
Unt volume 


x = Speci fic weight = 


C= Speed of Sound = Length nj 


ime 
Thus, 
Ca) th the FLT System, 


7.8 For the flow of a thin film of a liquid with a depth h 
and a free surface, two important dimensionless parameters are 
the Froude number, V/Vgh, and the Weber number, pV7h/c. 
Determine the value of these two parameters for glycerin 
(at 20 °C) flowing with a velocity of 0.7 m/s at a depth of 3 mm. 


67 = 
= 0 
J (7.81 73) (0.003 m) 


2 
(1260 #2, )(a7®) (0.003 ) 2 yee 
6.33 eyo © aan 


_ 
~ 


ook The Mach number for a body moving 
through a fluid with velocity V is defined as V/c, 
where c is the speed of sound in the fluid. This 
dimensionless parameter is usually considered to 
be important tn fluid dynamics problems when its 
value exceeds 0.3. What would be the velocity of 
a body at a Mach number of 0.3 if the fluid is: 
(a) air at standard atmospheric pressure and 20 
°C, and (b) water at the same temperature and 
pressure? 


Vi = 03 
é 


For air at 20°C | 62 S753 (Table B4 In Appendix B ) 
So That 


V= 0.3 (343.3 4%) = 103 3 


tb) For water at 20°C, c= /46/ = (Table 82 sh pong 8) 
56 That 


Y= 23 (9) F) = oey & 


Ud) 


7.8 The power, 9, required to run a pump that moves fluid within 
a piping system is dependent upon the volume flowrate, Q, den- 
Sity, p, impeller diameter, d, angular velocity, w, and fluid viscos- 
ity, 2. Find the number of pi terms for this relationship. 


Given that P=}(Q,e,d,w,x) 
where (see Jablelt) 


P2FL/T, 9 eM/Le + FI del we '/T, and 
fo= FT/L* 


Thus, k-r =6-3=3 since there are k=6 yartables and r =3 
basic dimensions (MLT) 


Hence, if takes 3 pr terms 5 1%] = WMs., 7) 


7.9 For low speed tlow over a flat plate, one measure of the bound- 
ary layer is the resulting thickness, 5, at a given downstream location. 
The boundary layer thickness is a function of the free stream veloc- 
ity, V.c, fluid density and viscosity p and yz, and the distance from the 
leading edge, x. Find the number of pi terms for this relationship. 


Given that 
5 =f (Yo, @,u, x) 


where 
L 


: mM .M 
$21, ei F,0278,4 777, 4nd Kel 
Thus, there are S variables and 3 basic dimensions (MLT) 
so that 
k-r = 5-3=2 
Hence, 2 pi terms are needed: 7 -B(n,) 


7.10 The excess pressure inside a bubble (discussed in Chapter 1) 
is known to be dependent on bubble radius and surface tension. Af- 
ter finding the pi terms, determine the variation in excess pressure 
if we (a) double the radius and (b) double the surface tension. 


Given Ap=f(R,0), where ap fee ft. ,R2L, and 


-_ 


T* 
Consider the (MLT) varts so that 
kere 3-3=0 since there 3 variables and 3 dimensions. 
Aecording to this, there should be k-r=0 prter mms 1? 
However, if we consider the (FLT) units we see that if takes 
only Fand L, Tis not needed, so that r=2, 
Hence, k-r = 3-2 =1, so only | pr term is needed. 
That is, 1] = constant 
To defermine 7, consider 


Th = ApR*r? or 


ib: ates 
aphir’ 2 £ 1° (£) =F pare 
Ths: 
F: Itb=o 
LZ: a-b-2<-0 
o b=-/ and q=bht2<!/ 
Hence M= 4LR or ape =C, where C=consfant. 


@ 


(a) If Ris doubled , Ap is reduced by half. (See Eq. U)) 
(b) Tf 7 is doubled, ap isdovbled. (See Eo. (1)) 


7.11 It is known that the variation of pressure, Ap, within a static 
fluid is dependent upon the specific weight of the fluid and the ele- 
vation difference, Az. Using dimensional analysis, find the form of 
the hydrostatic equation for pressure variation. 


Given dp =f(0, Dz) 


where | 
Dp 25 oF re , and AZ=L so that k =3 andr=2 (¢.e. (FL) 
Thos, 
K-r = 3-2 =! so that there js only | pi term T = C= constant 
Consider 

ie q ~/FE a. ob 144 (-2-3a+b) _ 9,0 
M -ap Sz 2(f (fi) “y= FL =F°L 
Hence, 
F: /+q=0 


L: -2-3a+h=0 
so that Q=-/ and b =243q =2-3=-/ 


Theretore, 
Ty =Aapd az =C 
or 


af =C daz where C= constant 


Throvah experimentation it is found that C=1. Note that this 
agrees with the materfal in Chapter 2. 


7.42 At a sudden contraction in a pipe the 
diameter changes from D, to D,. The pressure | 
drop, Ap, which develops across the contraction | 
is a function of D, and D,, as well as the velocity, 
V, in the larger pipe, and the fluid density, p, and 
viscosity, #. Use D;, V, and y as repeating vari- 
ables to determine a suitable set of dimensionless 
parameters. Why would it be incorrect to include 
the velocity in the smaller pipe as an additional 
variable? | 


Ap=# (2, BV 2p) 


Apo ek” Bel Beh veit’ ps Fett ye FLAT 
From The pe theorem, 6-3= 3 dimensienless parame ters rey uived. Use 


p, Y qud [Las repeating variables. Thus, 
hn 8 € 


We deg 


Gna (ep? )lt )* Car)? (ee 7T) See pepere 
so That 


/+C=0 (for F) 
-2+tarhb-2A4C=0 Cher L) 
—~4+ C=o (for T) 
tt fillows That Az!) b=-1, C=-] , ancl There fore 
_ Ape, 


ay 


/ VA 


Check dimensions using MMLT system: 


Ap D GUT ek otal CL) Me leF? 
VR CLO aero 
For Ty! Bi yd 
T= 2 Q*V'n 
LEP GRP PRs Per 
C=0 {hr Pi 
lr at5 -2C=0 (tie £3 
sah et C36 ( fr T) 


tt fo/louss Mat qZ2-/ J b= 


=0 . and Theve Lore 


~ OR 


| 412 (Cont ) 
7, ts obviously dimensionless . 


For 773 . Ga L Cc 
TT; = f* ae 
Cr trees © Caz) (Petr) ie pope re 


[+tCt=o (for F) 
—# +at+4-20=0 (for L) 
2-£+C =0 Cfhhr T) 
itt Hollows Gow al, b= 1, €3—k gx Mewibve 
= BY 
m= (2 


Check dimensions using IMLT system! 
POY = C3 LT) | 
a Me Po! 2 Lr t OK 


Thus, 


From The continuity eguation ) 
Va Do YP DR 
where Vs is the velecity in the smaller pipe. Since 
-/(2 
YelB yy 
VY; 1s not inde pendent of Db, and V and Thevefore 
Should not be included as an Independent vaviable. 


7-/[0 


7.13. Water sloshes back and forth in a tank as shown in Fig. 
P7,/3.The frequency of sloshing, w, is assumed to be a function 
of the acceleration of gravity, g, the average depth of the wa- 


ter, h, and the length of the tank, €. Develop a suitable set of ince bat ae eee 
dimensionless parameters for this problem using g and @ as re- P 


peating variables. 
eS — — M FIGURE P7.13 


op =| ne | 
From the | pr theorem Le ere =e dimensionless 
Parameters reguired: Use g ana L as repeating 
variables , Thas, 
T= WZ a7" 

anda 

(r-')CuT 7) YL)" 
So Hat cates [6-2 ) 
= |=2@ site (fer T) 
rt follows that @==- and Therelore 
| 77, = we ia 
check dimensions: | 


] 


has wl 
L (iT*)*(L)° = 
| + a@tb=0 
| — 14.50 Cfer ha 
Lt 40 /lows trot Z=0, b= I, and therehre 


EE 
oor = LP Taal 
and Wy ks ebviously diinaension less, Thus, 


© SIF =4h) 
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7./4 Assume that the power, @, required to 
drive a fan is a function of the fan diameter, D, 
the fluid density, p, the rotational speed, w, and 
the flowrate, Q. Use D, w, and p as repeating 
variables to determine a suitable set of pi terms. 

¢ 


P= F£(0,7,0,Q) 
P2 FLT! Del paree*r* wat” our" 
From The pé Theorem , 5-3=2 pc terms reguired: Use. 
D, @, and p 4s repeating variables. Thus, 


T= (P Dias 2 


and 
. y =f s o/ O70 
fear MEy (re -) (re re)" & PLT 
So That 
{#+ClC=o (for FP) 
‘+a -F¥C20 (for L) 
~/-6 #+2C€=0 (fer 7) 
Lt follows That Aa=-5, b=-3, C=-/, and There 
ene 
; 77, > Da)? 
Check dimensions using MLT system * 
fs meer Ss these «tok 
Vo DF 43 (ea ?)(2)? (p72)? 
Fer Tr, - 


Tz @ Dap. 
(ps7) a) (eT) 2 PLT 


C=0 (fr F) 
3ta- 4e =o (fr L) 
~/—-b #20=0 (for T) 

(Cont ) 


ae _Irean) 
a=-3, 4=-l, C=O, and TMerefore 


@ 


Ma” B35 


TH follows That 


Check dimensions using MLT system -’ 


@ : Dae si hare = M°L°T°? — .: Ok 
Dw® etry 
Thas , 
P64 (4) 
PD *w* Dia 


7.15 Assume that the flowrate, Q, of a gas from a smokestack is a 
function of the density of the ambient air, p,, the density of the gas, 
Pg, Within the stack, the acceleration of gravity, : 
diameter of the stack, h and d, respectively, Use p,, d, and g as re- 
peating variables to develop a set of pi terms that could be used to 
describe this problem. 


B= FUh, At, 4,4) 


ge Or 42 M7 (ge He? gair™ fel del 
From the pi theorem, 6-3= 3 pc terms reguired. Use 
Fans d, and gq 4s repeating variables. Thus, 


TT, = OK a” ig 
(3 7-)ge) “(r)" Car) 3 Meer’ 


and 


So That 


Z=0 (for M) 
3~34tb+CzZ0 bor £3 


=] Ae SS ee (fer T) 


tt follows hat 4=0, 4=- 2, C= 4 and therefore 


2 
. @ 
dé 2% 
Check dimensions using FLT system 
Mm  » a 
deg (17% (i-4)* 


r] 


/ 


= frT* 


(con't ) 


Pad 


For Me : eS 2 .¢ 
mh dg 
(in?) (04ur)* (4)°Cat-9 * = MeL? 
[+t 2=0 
—-3-~-3atbtC FO 
-2C=0 
Lt fellows That Q=-l, S=0, C=0, @qnd There tore 
- 43 
, hots 
Which ts obviously dimensionless. 


For Tz: a 
r 3 T= 4p J” 3° 
(1) (mi?) “(L)* (1-2) 5 2 MeLey? 
Q=0 
/-3a+h+ C=o 
— ee =o 


I+ follows That Geo, b=-l, C=0, and therefore 


which 1s obviously dimensionless . 


Thus, 


d% 9% 


win (4-4) 


TAS 
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7. The pressure rise, Ap, across a pump can 
be expressed as 


Ap = f(D, p, », Q) 
where D is the impeller diameter, p the fluid den- 
sity, w the rotational speed, and Q the flowrate. 
Determine a suitable set of dimensionless param- 
eters. 


dps ee* bel ps rir? wet 
From the pi theorem, 5-322 pi terms required. Use 
Df and W as repeating variables. Thus, 
= Ap D*o"w* 
ahd -2 < / «236 -1) ¢ ‘ pOsaT? 
ends, CER POLITE TE (Pe PI 
[t b=0 
-~-2Z ta —-44 =0 
Li-C 26 
It follows that a= -2, b= -1, 68*2 , aad there bre 
= oe 
OT Dat 
Check dimensions using MLT system © 
Ap << cle a =_ Avee* FP 
Drew? ~ (HEMT 
(OT Ta) Rey a PLT 
4S=0 
5+ 4@-4b=0 
—-1+2b6-C=0 
Tt follows Tat a=-3, b= 0, C=-/, and Therefore 
2 & 
a 


ae Dm 
Check dimensions using MLT system: 


For 7, : 


OD. = has a = (42/72 
D2 38(L)3(r~) on 


Thus, 


@= jae 


(hr F) 
(hr L) 
Chr T) 


JOA 


(Boe 3 
(for L) 
(for T) 


: Oke 


7.17 A thin elastic wire is placed between 
rigid supports. A fluid flows past the wire, and it 
is desired to study the static deflection, 6, at the 
center of the wire due to the fluid drag. Assume ~ 
that 

6 = f(t d, p, wu, V, E) 
where Cis the wire length, d the wire diameter, 
p the fluid density, 4 the fluid viscosity, V the 
fluid velocity, and E the modulus of elasticity of 
the wire material. Develop a suitable set of pi 
terins for this problem. 


Sol #2 dL a a he ae a Go 2 
From. The pi Theorem, 7-3= 4%: pj terms reguired. Use : 
d,V, and E as repeating variables. Thus, 

Mm=S§ AVL 
(LL) ler) (ee) ° = Foss? 


C=0 
1*+#A+b6-~2E=0 


and 


So Tha 


~b=0 


Lt follows That G»-l, b=0, C=0, and Therefore 


ae ee ee 
Whith ks obbvicusly aimension less. 
for 7h: = 
2: é 
. = Ld*v£S 
Qnd @s for Tt, , @=-l, b=0,C=0 So That 


a 


d 
For 773: 


Te =p hve 

Oe ctr Ne) eet)? (FL) "= FPL Tr? 
[+c =0 

—# 2 +6-26=0 


a- 5 =0 


( Cont) 


tt fo/lows That a=0, 6=2, C=~!1, and Therefore 
ea 
Check Sic doe using Mur system : 
~3) =/ + 
2vA, crter 2. = weer 
E i 


i ; a@,,4 Cc 
7%, = Va daVE | 
( F4-*7) (2) *Cir-)? (ey = PLT" | 
[re=o (hor P) 
—2 tatb ~2C=0 (for L) 
Fae (hr 7) 


Ltt follows at a= -1, &=1, C=-l, and therefore 


m,: Fz 


Ch eel dimensions using MLT system - 
-t—l =f 
Pp . tae aT) we ayn 


P ake 
AE (L.) (ML"T-?) 
Thus, 
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7.18 Because of surface tension, it is possible, with care, 
to support an object heavier than water on the water surface as 
shown in Fig. P7.18. (See Video V1.9.) The maximum thick- 
ness, h, of a square of material that can be supported is assumed 
to be a function of the length of the side of the square, @, the 
density of the material, p, the acceleration of gravity, g, and the 
surface tension of the liquid, a. Develop a suitable set of di- 
mensionless parameters for this problem. 


A = tts, & 1,7) 
4=l Le-l ps Fit qi lr Os BL! 


From the pi Theorem 6-3=2 pi terms reguired, Use 
L, Z, and p as repeating Vaviables. Thus, 


meh Laps 


ode Ge, Whh)* Gat) * (Bis * ) Fs Peers 
Cz0 (hy F) 
[tarbh—~4y4e =0 (fr L ) 
-2b42ec 20 Cr T) 
t+ follows Wat ay, b=o, Cz0 @ud There fore 
m= 
Which 4% obviously cmens/onless. 


For Ti, : 
or zp T,- a 


Ge ior )* (rote) ¢ 2 pais 


/ +C=0o (Lr P) 
-/+at—¥C=0 (Lar L) 
(for T) 


—~245%*2C-o 
tt fellows Mat @s-2, b=-!) ae and there fere 
- a 


y ie 
"Bg? 
Check dimensions using MLT syskin - One 
. Oat) =NM°LT | 6A 


a i: Sas ae 
L2gp ~ CL*HLT™)Gal-*) 
A oo 
ee tage ) 
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Thus, 


7.14 Under certain conditions, wind blowing past a rectan- 
gular speed limit sign can cause the sign to oscillate with a fre- 
quency w. (See Fig. P7.19 and Videw V9.9.) Assume that w is 
a function of the sign width, b, sign height, h, wind velocity, V, 
air density, p, and an elastic constant, k, for the supporting pole. 
The constant, k, has dimensions of FL, Develop a suitable set 
of pi terms for this problem. 


w=f(b 4V, ek) 


de Tbe Ash VST perc yp ze FL 
Frem the pi theorem 6-3= 5 pi terns reguired . Use 
by V, and f as fre peatng variables. Thus, 
Litt | te ety 4s 
and a op OTe 
(7 -YL) ATV Cer tre) S = FLET 


so That C=O ( for F) 
A+b -—4c =0 (Aig 
=|=b #2¢ =e (fy T) 
Lt follows fret Qazi, 5=-], C=0 , and therehre 
eb ee Sl wb 
| ove 


Check ed ipelrces 
wh . Pot felt ae 


} ht Te 
=F b - ia —_—od 
Fup (2)* Car ')? (eat?) <= pes 7 
| IG =0 (fy FD 
| tath-4¥Cro (fort) 
— }bt2c =0 (fr T) 
Lt bllews That Z=-], 5=0, C=0 , anu There bre 
Tt, = 2 


which 13 Obviously climenspaless. Ceont ) 
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Master Typing Sheet 
10% Reduction 
Ace Mg wa) ee 


Cont) 


ee al a bys 

| =kb yp 

(enon Le (rete es peer 
[+tatb-4t =O ifort) 

| | ~b+2¢ =O. (for T) 

at flow: Tat Q=-3, b=-2,C=-1) and Therepre 
Peeters: Fit 

Ms + BBiy"A) - 


Check cidade using MMLT system: 
MT mn 
~ CPT OUMLE®) 


fo 


7.20 The height, h, that a liquid will rise in 
a capillary tube is a function of the tube diameter, 
D, the specific weight of the liquid, y, and the 
surface tension, a. Perform a dimensional anal- 
ysis using both the FLT and MLT systems for 
basic dimensions. Note: The results should ob- 
viously be the same regardless of the system of 
dimensions used. If your analysis indicates oth- 
erwise, go back and check your work giving 
particular attention to the required number of 
reference dimensions. 


4=f(D%c) 
Using PLT system : 
fel Del Fere> os re 
Frem The pce theorem, 4-2 = 2 pe terms reguired, 
By Inspection for 7, Ccontaning 4.) : 
Which 1s obviously dimensionless | 


For 71, (contoming ¥ and a): 
| o/e 
= F&F 
(Ft-3 )(L)? 


t 


Thus, 


Using MLT system - 
42l D=L co ar a oe 
Although theve a ppears to be 3 ypeference Chm ensions | only 
2 reterence climensions ave actually veguired CL and M™ 77) 
to describe The Vaviabhles . by Inspection | for W; Gee above) 
1 Dp 
arnel for 1, (ton taining + ante)? 
Cla Oe aaa 
Ty 


ge eT ee HP 
oD> Go cae alee | Oleg at 
Thus, (as adove) 


7.2¢ Acone and plate viscometer consists of 
a cone with a very small angle a which rotates 
above a flat surface as shown in Fig. P7.2.}. The 
torque, J, required to rotate the cone at an an- 
gular velocity, w, is a function of the radius, R, 
the cone angle, a, and the fluid viscosity, 4, in 
addition to a. With the aid of dimensional anal- 
ysis, determine how the torque will change if both 
the viscosity and angular velocity are doubled. FIGURE P7.2| 


T= £(R, &,4,w) 
TePt Rel ts POlTO ps ptr wer 
From The pi theorem, 9~3= 2 pr terms veguired. 
By inspection | for 77, (containing High 

es eee 

ie Keke ~ (et-*r)(T~)(t)? 
Check using MLT : og 

eS s mM L*T 

AKAeOR? Umer Nr) (Lt)? 

The angle, , can be used as Wz since st ts dimensionless. 
Thus, 


= FL] ° 


a PE 
Bw k® 
T= KwR plot) 
It follows that if both hc and Gd are doubled 
F will increase by a factor of 4. 
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7.22 The pressure drop, Ap, along a straight 
pipe of diameter D has been experimentally stud- 
ied, and it is observed that for laminar flow of a 
given fluid and pipe, the pressure drop varies di- 
rectly with the distance, £, between pressure taps. 
Assume that Ap is a function of D and @, the 
velocity, V, and the fluid viscosity, u. Use di- 
mensional analysis to deduce how the pressure 
drop varies with pipe diameter. 


ap= F(D,L,V a) 
Aps ree Del fel yalt™ Az FL*T 


a 
T= Ap ? = (EL?) (C4) = 
CP (Fe? 7 )(1T"') 
Check using MLT - 
: Apb . (aett-(t) 
Bye Caer oer) 
For 77, (containing £) : 
t= 4 
Which 1s obviously dimensionless. Thus, 
4p? g (A 
a a 1) 
Av D 
From the statement of The Problem, Ap so That 
Eg.) must be of The form 
App _, 2 
ie ° 
lWheve K us some Constant. It thus follows Mal 


aa ail he 


= Mil?" . ob 


! 
Ap % Te 


tor a Given velocity . 
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7.23 Acylinder witha diameter, D, floats upright in a liquid 
as shown in Fig. P7.2 3.When the cylinder is displaced slightly 
along its vertical axis it will oscillate about its equilibrium po- a 
sition with a frequency, w. Assume that this frequency is a func- 

tion of the diameter, D, the mass of the cylinder, mm, and the :? 
specific weight, y, of the liquid. Determine, with the aid of u 
dimensional analysis, how the frequency is related to these var- 
iables. If the mass of the cylinder were increased, would the 
frequency increase or decrease? it 


w= £( Om, ¥) Pau EL BST 


im FIGURE ~P7.23 


‘TF Cylinder 
B amiches = 


wav? 824. maFror* ge FS 
Frem The pi Theorem G-3= f fur term reguired, 
Bo in spectro a 


= =[—> 
~- Wim = be td Oe ali 
TW, = al ty te P 
Check using MLT: 
2 fan” se ee = eT? gt ak 
aioe ~~ €28 Parer 
Since There is only | pr term | it follows That 


where C Is a constant, Thus, 


From Tuis vesulé it Bilows that if tm ss increased 
tw will decrease. 


NJ 
| 


ZS 


7.24 A liquid spray nozzle is designed to produce a specific size 
droplet with diameter, d. The droplet size depends on the nozzle di- 
ameter, D, nozzle velocity, V, and the liquid properties p, x, a. Us- 
ing the common dimensionless terms found in Table 7.1, determine 
the functional relationship for the dependent diameter ratio of d/D. 


Given d =f(D, V, e, 4,7) so that k=6 (there 6 variables) 
and r=3 (it takes MLT or FLT 40 describe them). 


Hence, k-r 26-3 =3 which means that 3 pi terns are 
needed. 


T = G(T, %), where 1-2 jis clearly dimensionless. 


With the independent variables (ve. DV. eC, 4,7) if is clear 
that the Reynolds number canbe one of the 7 terms. 


Hence, set = 0VD/u. 

7, must inclvde the surtace tension, J, since jf does not 
appear in TM) or Ti. Based on the information in Table 7] 

it is seen that the Weber number, We can be the other 77 term, 
Hence, sel 7 = eV D/r 


Thus 


V 2 
$ HS, ) 
or 


B= (Re, We ) 


(-2.6 
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7.28 The velocity, c, at which pressure pulses travel through arter- 
ies (pulse-wave velocity) is a function of the artery diameter, D, and 
wall thickness, /, the density of blood, p, and the modulus of elas- 
ticity, E, of the arterial wall. Determine a set of nondimensional pa- 
rameters that can be used to study experimentally the relationship 
between the pulse-wave velocity and the variables listed. Form the 
nondimensional parameters by inspection. 


c= F (B28 2 £) 

C2 hr" pel Ral jan ee Te ES FL> 
Frem the pi theorem, 5-3=2 pi terms required, 
By inspection , for 1, (containing c) : y 

mc eo heer Td, pales 

ie VE (e477)? 

Check using MILT: | 4 

ee . terrae) 


=e 


VE. (ML-'T- .) 


For 1, et 


= Mel’T’ |: oK 


2 & 


which 1s obviously dimensionless. Thus, 


c 4 =¢ (4) 
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7.26 As shown in Fig. P7.26and Video V5.6, a jet of liq- 
uid directed against a block can tip over the block. Assume that 
the velocity, V, needed to tip over the block is a function of the 
fluid density, p, the diameter of the jet, D, the weight of the 
block, ‘W, the width of the block, b, and the distance, d, be- 
tween the jet and the bottom of the block. (a) Determine a set 
of dimensionless parameters for this problem. Form the di- 
mensionless parameters by inspection. (b) Use the momentum 
equation to determine an equation for V in terms of the other 
variables. (c) Compare the results of parts (a) and (b). 


M FIGURE P7.26 


(4) v= £ (p, DW, bd) 
yenT PSEC" psl WF bel del 


From The pi Theorem , 6-3 = 3 py; terms y efuired . 
BY. eee! for Wt C condainng V ) 


me VOIE = art) (EE) = Per 


Check using MALT! | 
“INL ae? | “°F 
: | VB fe erty (= M*L’7 


i Por T, let 
eb 
| < d 
Gha § fer TT: 
| | 3 r d 


Gna btn Tz and W3 are obviousl, Simension less | 


‘Thus, 


Le ai lade, 2) 


(4) Por nie tippitig avound o 
2 ‘1, =2 


d= ls) (1) 


| so That 


| RSA RSM : : (Cont) 
P ge 2) 


Master Typing Sheet 
(0% Reduction 


ee memtn Lam tonsi d era tions ysin g the CV shows 


) [env Vim dh =F F, 
| pVv*A = F 
Tans trom Fg. 1) 

ae = (4) 


men 0 i ae From Benes CQ). 
| 
| 
| 


al (20 4 | (4,4) 


ia fas (2) Can be writer as 


ine VE (GG | ere 


Leal by tom paring E 95. (2) ana (3) Met 


é (4,2)= (AG 


Pichi ie 45g |. ; ad 
Jo That eae a actually indepenclent af ae 


7.27 Assume that the drag, 9, on an aircraft 
flying at supersonic speeds is a function of its 
velocity, V, fluid density, p, speed of sound, c, 
and aseries of lengths, €,,... , 0;, which describe 
the geometry of the aircraft. Develop a set of pi 
terms that could be used to investigate experi- 
mentally how the drag is affected by the various 
factors listed. Form the pi terms by inspection. 


of = + CV, p, Cc, us sae 
Bee yet! p2Fl*7® c=lt" — olf lengths, A-2L 
Frem the pk Theorem, (ere )-3 = /4+0 pl terms veguired Where 
Lous The number of length terms (t= 1,2, 3, ek. J. 


By inspection j for 7, ( con feining por) 
fou ae F : 
T= SS = TF FY? 
ee eC ae - 
Check using MLT ” 
Yo ; MLT_ : oper? 
i = ) a 
Pvrh,® (m7) (LT) * (1) * 
For Th, f containing ©) 
V 


= — oF 


V c 
and both ave obviously ¢imensionless . 


For all other pt terms eontainiag Aas 


T= 4p 


and these terms involung Mhe Ls are obviously dimensionless. 


Thus , g (44 de * 
ie 


Where 4 15 a series of pr terms , 
i 


*7.29 The pressure drop, Ap, over a certain length of hori- 
zontal pipe is assumed to be a function of the velocity, V, of the 
fluid in the pipe, the pipe diameter, D, and the fluid density and 
viscosity, p and 2. (a) Show that this flow can be described in di- 
mensionless form as a “pressure coefficient,’ C, = Mp/(0.5 pV’) 
that depends on the Reynolds number, Re = pVD/t.. (b) The fol- 
lowing data were obtained in an experiment involving a fluid with 
p = 2slugs/ft’, w« = 2 X 107° lb -s/ft’, and D = 0.1 ft. Plota 
dimensionless graph and use a power law equation to determine 
the functional relationship between the pressure coefficient and 
the Reynolds number. 


(c) What are the limitations on the applicability of your equa- 
tion obtained in part (b)? 


(a) Ap= (0,2 k) 
Opa Ve EET Dek PSPe he eT 


Frern the pj theorem, 5-3: 2 pi terms reguired, 
? 


eS a Fu* == PLT? «OK 
Aa CeEreaero* 
Check using MLT system: 
Sel, Me | 2 sete 


By laspection fer 77. 77, 


> (Met Y* 
For We . wt pve se (e*72)T IL = a) ge 
2 & (Fir* Tv) 


Check using MLT system = 
Lup = (mi73) (LT) (4) 4g 9Z°F 
(Me'7') 


Thus, Ap |. g ted 
pv xt 
‘ ae | 
Since g ki an unknown Functon | a tactor 
of 0.5 Can be jncluded 14 7, Cif desivea ) So 


That =f 


eS V a 
chen C, 1S The pressure arnt qnd Ke The Keymlds 
number. 
Ce on ty 


(hb) Using the data qiven, 
| =e ss ts . Sp 


-—— APS 
G b.5pV> (6.5) (2 — V2 ¥2 


gh nie. AGEING © sno 


2x 077 ae 


Tabulated values for Cp and Re aha a plot of 
the data ave Shown belw. 


Cp 
213 
5.82 
3.77 
3.20 


C, = 6387 Re! ———— 


Pressure coefficient, 


500 1000 1500 2000 2500 
Reynolds number, Re 


The Power law re lationship hs 
— £387 
OT. Re 


(C) Based on The varia bles Use ank the Jliven data | 
the _empirica / reletionsh: p Eg OG), would only be 
applicable In the Reynolds humber range 
cr 300 S Rae 2000 
Note: Al though The equatién might be valid cutside 
this range, résults should not be ex tra pelatled 
beyond the range of déta used. 


| 
| 


doy 30 =The pressure drop across a short hol- 
lowed plug placed in a circular tube through 
which a liquid is flowing (see Fig. P7.30) can be 
expressed as 
Ap = f(p, V, D. d) 


where p is the fluid density, and V is the mean 
velocity in the tube. Some experimental data ob- 
tained with D = 0.2 ft, p = 2.0 stugs/ft*, and 
V = 2 ft/s are given in the following table: 


d (ft) 0.06] 0.08} 0.10] 0.15 
Ap (Ib/ft?) | 493.8 | 156.2 | 64.0 | 12.6 


Aps Fl? ps Flr? 


Y= LT 


Plot the results of these tests, using suitable di- 
mensionless parameters, on log—log graph paper. 
Use a standard curve-fitting technique to deter- 
mine a general equation for Ap. What are the 
limits of applicability of the equation? 


FIGURE P7.30 


i 


p=L d=L 


From The pl Theovem , O73 =2 pi Ferms re gurred - By inspection 


for a ¢ containing Sp): 
Tr, AP = 


Check using MLT- 
Ap sy 


Mer” 


(7¥* (tg? (AT) * 


FL? 
es Aa 
[V* eet rrr )* 


2 


= FUT 


= Ay°L°7° .. OK 


Fow is ( containing D and d)! 


es = 


z 


(which # obviously dimenstonless ). Thas, 


Ap. ¢( 4) 


py* 
Por The data given: 


A.50 


A log-log plot of These date & shown on The following page, 


(cont ) 


7-33 


(con't) 


Since The data plot as a straight lide on 


a soq-loy plot, The Cg Matron for The data. 
Is of The form 


77, = 27h 
lhere TT, = Ap/pv? Gud = D/d - A Power 
law fit of the data Gives 
A= 0.505 ant L£= 599% 
3,99 


Thus, Ap D ; 
VIZ = ©. 50s [2} 

Thes eg uation is applicable over the 

pange of date 1433425 333 | 
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Master Typing Sheei 
1% Reduction 


8 1/2 « '1 trim size 


*7.32 As shown in Fig. 2.26, Fig. P7.32, and Video V2./0, 

a rectangular barge floats in a stable configuration provided the 
distance between the center of gravity, CG, of the object (boat 

and load) and the center of buoyancy, C, is less than a certain 
amount, H, If this distance is greater than H the boat will tip ~~ 
over. Assume H is a function of the boat’s width, b, length, €, 

and draft, h. (a) Put this relationship into dimensionless form. 

(b) The results of a set of experiments with a model barge with 

a width of 1.0 m is shown in the table. Plot this data in di- 
mensionless form and determine a power-law equation relating — 
the dimensionless parameters. 


—— | 
(a) ies (az A) ‘mw FIGURE P7,32 


Festa Phe pe ‘teorern, Y— | =3 Pp: dtrmns requived . By, 
i coats 


| & 
=4(Z, 1) 
All jer Wes Pi terms ave obviously dimensienles 


(4) Foe the data given, 72 bu lated values for H/b, h/b, aia meh 
ave shown below. | 


H/b 
0.833 
0.833 
0.417 
0.417 
0.238 
0.238 


An _ Inspection of these data veveals that H/b does 
not clepend on 4/b, te, The same value of HL 


ds ebtamed for bel Aeron d values of L/5. Thus 


f(b) 


‘and ae tae the ples of The data, USIAgG & power- lau 
— 2g uation | 


1,%3 


7.33  Thetime, ¢, it takes to pour acertain volume of liq- 
uid from a cylindrical container depends on several factors, 
including the viscosity of the liquid. (See Video V1.3) As- 
sume that for very viscous liquids the time it takes to pour 
out 2/3 of the initial volume depends on the initial liquid 
depth, @, the cylinder diameter, D, the liquid viscosity, pz, 
and the liquid specific weight, y. The data shown in the fol- 
lowing table were obtained in the laboratory. For these tests 
€ = 45 mm, D = 67 mm, and y = 9.60 kN/m?. (a) Perform 
a dimensional analysis and based on the data given, deter- 
mine if variables used for this problem appear to be correct. 
Explain how you arrived at your answer. (b) If possible, de- 
termine an equation relating the pouring time and viscosity 
for the cylinder and liquids used in these tests. If it is not 
possible, indicate what additional information is needed. 


y. (N-s/m?) 1 i | ae ot mi |) ae 
1(s) | 15 23 3 | 83 145 


2=£(20 ae) 
fir top £21 Dal wari Fs er 
From the pi Theorem $5-3=2 py terms reguired. 
Ey Jaspection , for wy C containing £) 
ee Ea (pete) 
a: (FLT) 
Check using MLT system: 
tef . Cr)(me* Tr YlL) meer? 
a CTE a 
For TT2 ( containing L) 
ried 


it nak cou 


OK 


Whieh 13 obviousl, dimensioniess, Thus, 
ZL 
ty D_ gf (s ) ee) 


For The data gwen ee = om soli € a constant. 


Ths, from Eg (1) lus Th 4/D Qa eoenstant it PLollows 
Vat 22D ~ constant. For the data given: 


(cont ) 


VB 


7.33 | (emt) 


EXD | 977] ¢70 $72 
f 


874 | #75 


Since TT, 18 essentiall, constant over The vange of 


the experimental data the variables used for The problem 


Qa Ppear te be Correct. 


[4) The Average value for ql Is §74 so That 
ore _ 97 
Gua there tre 
D 3N ¥ 
x (Rox? \(b7x10 mm ) 


b= 1 3b 


loi th tun seconds When fe a arta ak Mat deg? 


Note that This restricted @guation 13 only valid 
for “(p= 2672, D= b]mm, and F= ROR) m? with 
2/3 of The Intal volume being Poured. 


7.34 In order to maintain uniform flight, smaller birds must beat 
their wings faster than larger birds. It is suggested that the relation- 
ship between the wingbeat frequency, w, beats per second, and the 
bird’s wingspan, @, is given by a power law relationship, w ~ €". 
(a) Use dimensional analysis with the assumption that the wingbeat 
frequency is a function of the wingspan, the specific weight of the 
bird, y, the acceleration of gravity, g, and the density of the air, p,, 
to determine the value of the exponent n. (b) Some typical data for 
various birds are given in the table below. Does this data support 
your result obtained in part (2)? Provide appropriate analysis to 
show how you arrived at your conclusion. 


Wingbeat frequency, 
Bird Wingspan, m beats/s 
purple martin 0.28 5.3 
robin 0.36 43 
mouming dove 0.46 3.2 
crow 1.00 2.2 
Canada goose 1.50 2.6 
great blue heron 1.80 2.0 


(a) Given w=f(L 8 9, 0q) so that ker = 5-322 9 7 


wet, hel, feme*T* g2Lr% ¢ 


Thus, consider 
Tr a weg f° 
so that 


M: a0 
Li -3atbic =0 


(l. 


= -3 
y) 6 = ML 


Times (LT LS 
= M4 1-34 +b te 7 lb em.’ r' 


: . a 
T: -/-26 =0 , Which gies ae Bea, C=% 


7 = wl£ 
For 7, + 


T= Seg he 2 (MET ML NLT IY L 


Ita 
g§0 that ‘s M 
M: [ta<0 
L*-2-3at+b+¢=0 
7: -2-26 <0 


(con't) 
7-33 


ea “3athte a -2-26 


- 
— 


(7) 


7:34 | (con) 


These equations ge A=-1,4=-I, and c=0 
Thus, 


=_ 


ms 

£g(/* 7 ie 
iabarare wfZ = Ose.) 6h es IE ols) 
which indicates that 
woh? _ Thatis web" where nz -% 


(b) The given data is plotted below and a power law curve tit 1s 
applied ; with the resvits 
w =2.62 L a 
The obtained power, -0.4s5, 13 very clare to that predicted by 
dimensional methods, -0.500, 


O° where w~ beals/s when L~m. 


° 


<< 


y = 2.6207x~4555 


a 


.o¥) 


W, beats/s 


| 


— 
i 


j=) 
(eo) t 


0.5 1 1.5 2 
p = wingspan »M 
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*7,35 


*7.35 The concentric cylinder device of the type shown in Fig. 
P7.35 is commonly used to measure the viscosity, «2, of liquids by 
relating the angle of twist, 6, of the inner cylinder to the angular ve- 
locity, w, of the outer cylinder. Assume that 


0 = f(w, 4, K, Dy, Dy €) 


where K depends on the suspending wire properties and has the di- 
mensions FL. The following data were obtained in a series of tests 
for which jz = 0.01 lb s/ft?, K = 10Ib- ft, @ = 1 ft, and D, and 
D, were constant. 


Fixed support 
PASRIRaAet/ cht cc MLSs LAS RRS 


Rotating 
outer cylinder 


Liquid 


€ 

eaee @ (rad) w (rad/s) 

0.89 0.30 il — 

1.50 0.50 ~ ls atte : | 

2.51 0.82 | iy 

3.05 1.05 2 

4.28 1.43 @EFIGURE P7.35 

5.52 1.86 

6.40 2.14 


Determine from these data, with the aid of dimensional analysis, 
the relationship between 6, w, and ; for this particular apparatus. 
Hint: Plot the data using appropriate dimensionless parameters, 
and determine the equation of the resulting curve using a standard 
curve-fitting technique. The equation should satisfy the condition 
that 0 = 0 for w = 0. 


K+FL Hak hl fal 
From the pr Theovem, 7-34 pr ferms regutred . By inspec tion , 


For TM, (containng w&)! ‘ 
3 
= CoM ZL - Or N ec*7 (t) = FUT? 
- K FL 
Check using MLT- . 
Oph? | Cr Metr LY. ye ter? Ok 


For 73 and Ty ( contenu D and bi): 
. & = 

ar 

(Which ave obviously Drvnannnens d 
(con?) 
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Thas, The dimensional anelysis y! elds , 
O- db (a wv 4° Pm 2. ) 


For a given device | en and D/L ave corsteat seo 
That ag 


and with The ae ee 
3 hes. 
canbe yee BEM AY 4p: 


10 'b-#t 
Usmg The © vs. data supplied , tt pollows that: 
bop 27 : . 
“K ar) e210 05x10” 


PS -3 < 
LY¢3K10| [8bx10 | 2X10” 


These data are plotted below. The best linear curve $)4 gives 
O= 296x107 ( wus’) 


0 —t , 
0 00005 0.001 0.0015 0.002 0.0025 


wi 13/k 


Hence, for the particular device with L=/FL awh K= 10 Ib ##, 
a= are oe) [2 Cracy/s) ap (16-s/ee)] 


lo lof 
so- Theat 
G= A98 Cf 


with Oty rad for Gin rved/s and hk tn /b-s /Ft™ 
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7.37 Air at 80°Fis to flowthrough a 2-ft pipe at an average veloc- 
ity of 6 ft/s. What size pipe should be used to move water at 60 °F 


and average velocity of 3 ft/s if Reynolds number similarity is en- 
forced? 


For Reynolds nvmber similarrty, 
Re. =R 


air © water y OF 


(F).. . (ites 
Thys, 
D *f saad Vair 


water V.. 
air 


V \ Dain ' where from Tablas 8.1 and B,2. 
water 


-5 f1> -¢ ff" 
Vigtn = 1210810 3 apt Hy. = heanie e 
60°F 80°F 
Hence, 


dD _ [ brioxigs ie 
ater 


Ww 


6 H/. = 
sion) 3 me (2H) 0.2.86 tt 
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7.38 


7.38 To test the aerodynamics of a new prototype automobile, a 
scale mode] will be tested in a wind tunnel. For dynamic similarity, 
it will be required to match Reynolds number between model and 
prototype. Assuming that you will be testing a one-tenth-scale 
model and both model and prototype will be exposed to standard 
air pressure, will it be better for the wind amnel air to be colder or 
hotter than standard sea-level air temperature of 15 °C? Why? 


Let ( Jm and( ), denote model and prototype, respectively, 
Thus, Re. = Rep , or 


(YE), a (Hy, Be 
Yon . syitl 

Vn = a Np = oT, since 4m *70 Lp 

If the wind tupnel air is at standard seg-level conditions, 

then %q*Y and 

Vn =19Vp, Hence, if Yn = 5S mph, then Vm =550mph, which 1s tov 

large for simple tests. For one this, at SSomoh compressibihty 

effecis become important. At S5mph they are not. Assume 


the test are conducted with Y/Y <I so that more realistic wind 
tunnel velocities are prescribed. From the data in Table 8.4, 


at T=15°C Up = |. ¥7x10 °° m*/: and the data shown below are 
obta;ned. : 


r 


3S |s8 


-50 0 50 100 150 200 
oa i 


For Y/Y <! if follows that T<I15'C, Hence, if would bo better to 


have a cold Windtumnel. However, even with T=~ 40°C, which gives 


Im /Y = 9.707, the Vp =SSmph would require Yy = 10 (0.707) 5Smph = 389 mph, 
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7.39 You are to conduct wind tunnel testing of a new football de- 
sign that has a smaller lace height than previous designs (see 
Videos V6.1 and V6.2). It is known that you will need to maintain 
Re and St similarity for the testing. Based on standard college quar- 
terbacks, the prototype parameters are set at VY = 40 mph and 
w = 300 rpm. The prototype football has a 7-in. diameter. Due to 
inswamentation tequised to measure pressure and shear stress on 
the surface of the footbal), the model will require a length scale of 
2:1 (the model will be larger than the prototype). Determine the re- 
quired model freestream velocity and model angular velocity. 


Let ( )m and ( Ip denote the model and prototype, respectively. 
For Reynolds number similarity, Reg, = Rep, or 


Vin = oe Vy = (z )(40mph) = 20mph, since Dm = 2Dp. 
Thus, , 
y= 20 ms pe (Soe )( lie. Ihe) neha i 


3400 


For Strovhal number similarity, Sty = Stp, or 
Wm D 

a 2 “ee where MW, = 300 1pm 

Hence, 


_ Vn D h 
= mM — {20m ] - 
Wm Vp 3, = (Fomph )(z) 200rpm) = 75 rpm 
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7.48 A model of a submarine, | : 15 scale, is to be tested at 180 ft/ 
s in a wind aimnel with standard sea-level air, while the prototype 
will be operated in seawater. Determine the speed of the prototype 
to ensure Reynolds number similarity. 


Let ( Jy and ), denote model and prototype, respectively, 
Thus, Re, = Rey, or 


oie ae, where Un == bp 


Hence 
Yn V y, 
— | “m ™” -m 
in = (BE) =15(BN\p 
Also, 
yy, 2/,s7xi0* and Yp 2126x152 co that 


V = [5 (LEZAIOTHA ) Vp = 187 V, 


(28x 10° FES 


24 


7.41 SAE 30 oil at 60 °F is pumped through a 3-ft-diame- 
ter pipeline at a rate of 6400 gal/min. A model of this pipeline 
is to be designed using a 3-in.-diameter pipe and water at 60 °F 
as the working fluid. To maintain Reynolds number similarity 
between these two systems, what fluid velocity will be required 
in the model? 


For Keynolds number similarity ; 


Vm Dm, YD 
“Ze 
Or 
VA = Lin Sb V 
am LY & 
Since , re) 
V = eee, 
and gat | 23) in?) (LEE 
oe (6400 Mes ) (LE 
C6: =. 
then jas 2 
Y= é _ = 2.62 = 


Thus, trom £90) 
5 fre 
ye Erle VER) (4 62) 
(e077 #t*)( = ft) 


128 IA. s)_ (4.3 ££3 
S 


C1) 


7.42 The water velocity at a certain point along a 1 : 10 scale 
model of a dam spillway is 3 m/s. What is the corresponding pro- 


totype velocity if the model and prototype operate in accordance 
with Froude number similarity? 


for Froude number similarity | 


Vom V 


—J —— 
——— wel — 


Vi gon Lan Vee 


y= (BEE) 


and with d~ d= ) 4h, = 10, y= Zamls 


JO that 


al Vo (3.20 ) = £49 


———— 
————_- 


7.43 Thedrag characteristics of a torpedo are to be studied 
in a water tunnel using a 1:5 scale model. The tunnel operates 
with freshwater at 20 °C, whereas the prototype torpedo is to 
be used in seawater at 15.6 °C. To correctly simulate the be- 
havior of the prototype moving with a velocity of 30 m/s, what 
velocity is required in the water tunnel? 


For dyname simi larity The Reynolds number rnust be the 
Sa@me for mode! and prototype. Thus, 


Vim Lm _ YD 


Since, i, (water @ 20°C )= Loo¢xio mls (Table B.2), 
DY (seawater @ 18.6°C) = 117 «10° my (Table 1b), and 
D/p, Sa 4 7e to! lous That 


_ (100K KID 
mC p17 x10? 


ie (5) (30%) 
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7.44 Fora certain fluid flow problem it is known that both 
the Froude number and the Weber number are important di- 
mensionless parameters. If the problem is to be studied by using 
a 1:15 scale model, determnine the required surface tension scale 
if the density scale is equal to |. The model and prototype op- 
erate in the same gravitational field. 


For dynamic similarity , 


Vv oa rm 
ic = es (Pande number similavity) 


[it Vpe 


a: 2 
(rm Vin Sm . pve ( Weber number sive lave) 
Onn 


To satisty Froude number similarity (wrt = Jan) , 


Vat = |[ Bs 
V ps 
and ‘Thevetore for Weber number similarity 


Gm. Fm Vat) Do = 2 fd fle \™ 
a eG) 


ee ee 
Thus, with 2m /L= tf and A. feat, 


aK | 
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7.4S The fluid dynamic characteristics of an airplane flying 
at 240 mph at 10,000 ft:are to be investigated with the aid of a 
1:20 scale model. If the model tests are to be performed in a 
wind tunnel using standard air, what is therequired air velocity 
in the wind tunnel? Is this a realistic vefocity? 


For dynamic simu larity The. Reynolds numbir must be the 


Same ter model and prototype. Thus 
[hm 
me 


= 
Lh. it 
Son 


Le 


o -7 fy. as 
= 3.534 x10 oe 3 Ps MTSb xi0 slate (Table €.1) 
23.7% xi0°' Ibs . ‘a 

eee She OK aa (mek aa 
O, it follows from £3.01) That 


03.74 X10" Ms) (176¢x 16° sags ) 


a "(Seay ea IEE ) (232x10° sit) (zo) (z¥0 mph) 


No, 1# 1s not @ realshée velocity — much too high. 


7.46  Ifan airplane travels at a speed of 1120 
km/hr at an altitude of 15 km, what is the re- _ 
quired speed at an altitude of3 km to satisfy Mach | 
number similarity? Assume the air properties cor- 
respond to those for the U.S. standard atmo- 


sphere. 


For Mach num ber similarity , 
We 
ISR : 8 


The Speed of sound can be calculated trom The ep uation 


c= VART (E9, /.20) 
and far air R=/ 40 , = 296.7 JI/ke:k 
At 54m al# tude , 
= 56 eC + 27is = ait ke Vebie £3) 


and at SF bisa 
T= = 36.9% Ce A716 = 2362 (Table C2) 


Thus, at (Skm olhtude 


Penang, \(21.7k) = 15 


i Sham 
and at 8 Rom 


Cohn =] Gove) (ae. '. )(23b2K) = = 308 


From Eg. f)) 
C 
= & Am 


SA 
Ce han - 


Vaan 


i710 Ran 
“ac tincmnall 


Wear 


7.47 (See Fluids in the News article “Modeling parachutes in a wa- 
ter tunnel,” Section 7.8.1.) Flow characteristics for a 30-ft-diameter 
prototype parachute are to be determined by tests of a 1-ft-diameter 
model parachutein a water tunnel. Some data collected with the model 
parachute indicate a drag of 17 lb when the water velocity is 4 ft/s. 
Use the model date to predict the drag on the prototype parachute 
failing through air at 10 ft/s. Assume the drag to be a function of the 
velocity, V, the fhuid density, p, and the parachute diameter, D. 


b=fCV, p, dD) 


Ger sir” per r Bee 
From The pr Theorem, Y-5=/ pe term reg uireck, 
Gnd @ dimensional analy s/s yields 

o, oe | 
Where C is & Constant. Thus, for Similarity 
between tnode| and prototype 


Boe 
Pa Veg, Dun 


Lf4 743 


- {17 & 
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7.48 The lift and drag developed on a hydro- » 
foil are to be determined through wind tunnel: 
tests using standard air. If full scale tests are to 
be run, what is the required wind tunnel velocity 
corresponding to a hydrofoil velocity in seawater 
of {5 mph? Assume Reynolds number similarity 
is required. 


For Feynolds number similarity , 
Von 4 = VE 
Ze, V 
Where £ i's some characterishe length of the hydrotri / 
Thas, 


and with [hin = | Ctull scale test ) 
_ Ya hee woe) 
Vg pr ce 


: S” (15 mph) 
(126 x Jo~* Ze") 


= /87 mph 


7.4 A 1/50 scale model is to be used in a towing tank 
to study the water motion near the bottom of a shallow chan- 
nel as a large barge passes over. (See Video V7.16) Assume 
that the model is operated in accordance with the Froude 
number criteria for dynamic similitude. The prototype barge 
moves at a typical speed of 15 knots. (a) At what speed (in 
ft/s) should the model be towed? (b) Near the bottom of the 
model channel a small particle is found to move 0.15 ft in 
one second so that the fluid velocity at that point is ap- 
proximately 0.15 ft/s. Determine the velocity at the corre- 
sponding point in the prototype channel. 


C4) For Froude number similarity 
Vim V 


Vand, VpS 


Where L 1s some charackevishe length , aQnk with Gm = 


V “ 
‘Thus, ae \] S Pix: desg'tc) = 2, inane 
From Table A.| | Anot = (0.514 — 


So thet 


@ (4 [2 Aa iets SU Ls 


(6) Since from Eq. (1) 


So that 
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7.50 A solid sphere having a diameter d and specific weight y, is 
immersed in a liquid having a specific weight y/(y, > y,) and then 
released. It is desired to use a model system to determine the max- 
imum height, h, above the liquid surface that the sphere will rise 
upon release from a depth H. It can be assumed that the important 
liquid properties are the deasity, ¥/18, specific weight, yy, and vis- 
cosity, 2. Establish the model design conditions and the prediction 
equation, and determine whether the same liquid can be used in 
both the model and prototype systems. 


Assume Tat hef(44X %, A, He) . Mote That by 
including ds, oy Gnd re j boTh The mass and Weight of the 
fluid and spheve are taken into account. This follows since 
ae clensrty ) = of a swsouleh be incorrect. f Ist %, , and 
as independent variables. We expect Ine mass of The spheve 


to be im portant since The sphere wil] have accelevated moton. 
ince, 


the pi theorem indicates Mat 7-3= 4 pi terms reguived, A 
dimensional analyasis yle Ids , 


Thus , the Model design Conditiwns ave 
tT = fig Usm = Xs Leo dm = Lf dé 
d x x. rr. Vd? d3 
fam f Fan Vy 
predichen eguation is 
Bk ts 


“dds 


From the last model design condition (with ga fm), 


Hm - Son dat C1) 
Af “Vd? 


Since dm/d + the Lengh scale and 15 presumably not egual 
te one, Eg.) will net be sotshed sf The same liguid ts 


used . Thus, the same liguid cannot be ased. 
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7.51 A thin layer of an incompressible fluid flows steadily over a 
horizontal smooth plate as shown in Fig. P7.51. The fluid surface is 
open to the atmosphere, and an obstruction having a square cross 
section is placed on the plate as shown. A model with a length scale 


of { anda fluid density scale of 1.0 is to be designed to predict the 
depth of fluid, y, along the plate. Assume that inertial, gravitational, 
surface tension, and viscous effects are all important. What are the 
required viscosity and surface tension scales? 


Free surface 


HFIGURE P7.5i 


A flail dynemics problem tor which inertial, gravitational surface 


msien, and viscous effects are all imprtant veguires Froude, 


ee , and Webtr number sim larity ‘(see Table a), Thus, 
or 


Ht, gs 
Pedy VA 


C Froude number similarity ) it follows Bat (wit G* fun) 


tnt = \/ees 
V a 


For eynolds number similarity ; 


7.52 The drag on a 2-m-diameter satellite dish due to an 80-km/br 
wind is to be determined through a wind tunnel! test using a geomet- 
rically similar 0.4-m-diameter model dish. Assume standard air for 
both model and prototype. (a) At what air speed should the model 
test be run? (b) With all similarity conditions satisfied, the measured 
drag on the model was determined to be 170 N. What is the pre- 
dicted drag on the prototype dish? 


(ay From &3.7.19 » Reynolds number simu larity is reguived. Thus, 
Vm Dm. VD 
fad a 
Where D ss the dish dtameter. L4 fellows thet 


ez. 
Vm= a BV 


and with 1% fy! 
Van = (220. Yoo SE) = stop Sm 


d. 
tb) From £9. 7.17, 
Ovne 
Spe 
Jo that (wite (m*P 


— 
= 


( Note That 9 =f, in this problem, since. trom the Condiheon 
of Reynolds num ber similarity 5 V/V, = OQ. [Dt This is not 
true tn general. ) 
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7.53 A large, rigid, rectangular billboard is supported by an elastic v 

column as shown in Fig. P7.53. There is concern about the deflec- — 
tion, 6, of the top of the structure during a high wind of velocity V. —= 
A wind tunnel test is to be conducted with a I : 15 scale model. As- — 
sume the pertinent column variables are its length and cross- — 
sectional dimensions, and the modulus of elasticity of the material — 
used for the column. The only important “‘wind” variables are the — 
air density and velocity. (a) Determine the model design conditions _ 
and the prediction equation for the deflection. (b) If the same struc- —_ 
tural materials are used for the model and prototype, and the wind —_ 
tunnel operates under standard atmospheric conditions, what is the —_ 
required wind tonnel velocity to match an 80 km/br wind? — 

Front View Side View 


BFIGURE P7.53 


Assume f= Ff (4,4, “AY 
‘where: f~ deflection = 5 An tba lengn sl, 4.~other lengths = L 


(i'= 1,2, ~- ete.) 5. Pw air deities ie ee at V~ aie "veloc = LT; 


Ew ‘vice 2 elasherty =F tbe hom The pt ’ Theorem Ly 
(eee) -3= 2td pl Terms. required, and 4 dimensional analysis 


elds ; 
ged (AE) 


(a) The medel design conditions are ie 
Nem = Se fm View x ad 


qud ‘the pene eguation 1s 
ee 
mB 
or with a lengty scale of 15'S 
Sz IS Sen ISSam 


(b) From The second model design condition, 
2. Em 2 y 
Ym ~ “Eh, 
so That with E=Em ana A= hm 
ne 
Am 


or y= V = 80 
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7.54 Athin flatplate having a diameter of 0.3 
ft is towed through a tank of oil (y = 53 Ib/ft*) 
at a velocity of 5 ft/s. The plane of the plate is 
perpendicular to the direction of motion, and the 
plate is submerged so that wave action is negti- 
gible. Under these conditions the drag on the 
plate is 1.4 lb. If viscous effects are neglected, 
predict the drag on a geometrically similar, 2-ft- 
diameter plate that is towed with a velocity of 3 
ft/s through water at 60 °F under conditions sim- 
ilar to those for the smaller plate. 


Tf viscous and wave effects ave neglected J 


=a 1p V ) 
where: <)~dragtF , d~ plate diameter =L, pr tad density = FL? 
and V~ velocity = ur! . From the pt theorem, 4-3= 1 pé tera 
veguired, and & dimensional analysis yields 


oF 
T= oe e 
[Vid 
Since There is only one pc term 
mn = 0 = constant 
fot pa 
Where mm refers to The Smaller, 0.3-£t-dameter plate | 
Thus, 
fan Ks ON C1) 
From the detu given : 
P= 1. 94 slugs/ft* ; d= 2f2> V=- 3#/s 


= §3 /b/ £t7 : = > 
fom 92.2 #t/s* ? din = 0.3 FE ; Von 5 Hs ; By, 21 4 Ib 


Therefore , tom £9 (i), 


Jd: (ay HH) (3#) (z ft)” 


(53 ee? 53 1b/Ae? \ (5 £): 0.34¢ 
(3 32.2 t/s* .) is , (0.34 x 


(141) = Ab Ib 


7.55 For a certain model study involving a 
1:5-scale model it is known that Froude number 
similarity must be maintained. The possibility of 
cavitation is also to be investigated, and it is as- 
sumed that the cavitation number must be the 
same for model and prototype. The prototype 
fluid is water at 30 °C, and the model fluid is water 
at 70 °C. If the prototype operates at an ambient 
pressure of 101 kPa (abs), what is the required 
ambient pressure for the model system? 


For Froude number similarity j 
Vn OV 
V dy hen a Z 
So thet (with 925 


tn « 


For cavitation pare ae j 
(B-telm_ (Ao) 
z/m Ya ep" 
Tt follows that Pn V; 2 
Ch tile ER lie) 
and making use of £9. tl) 
(Bo- Beam * ? os (hr) 
Por water ( from Table 3.2): 
@WC = 9718 hgh? > Pog = ZMbxID” Nim Cabs) 
@ 30°C p= 995.7 Ay lm? ; Fy = 4243 x10 Nin* Cbs) 
Thus, from &%.02) 
p= ( 977.8 #8, ) 
Me 45, ) 


| 3 3 ty 
(=) (ioixio a ~ 4£243X/0 at) B.IbXID Ts | 


0, 2 A, Pa (abs) 
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7..56 A thin layer of spherical particles rests 

on the bottom of a horizontal tube as shown in 

Fig. P7.56. When an incompressible fluid flows 

through the tube, it is observed that at some crit- 

ical velocity the particles will rise and be trans- 

ported along the tube. A model is to be used to 

determine this critical velocity. Assume the crit- 

ical velocity, V. to be a function of the pipe di- 

ameter, D, particle diameter, d, the fluid density, 

p, and viscosity, #, the density of the particles, 

pp, and the acceleration of gravity, g. (a) Deter- ERR Saeatieses 
mine the similarity requirements for the model, FIGURE P7.56 
and the relationship between the critical velocity 

for model and prototype (the prediction equa- 

tion). (b) Fora length scale of ? and a fluid density 

scale of 1.0, what will be the critical velocity scale 

(assuming all similarity requirements are satis- 

fied)? 


(a) 2 F004, p42, 4) 

Veetr O=b dat pe poe? we FET p= FT qzLT™ 
From the pi theovem, 71-3= 4 pt terms ree) Gnd te 
dimensiona| ‘italnels yields 

3 2 
fKe -$(4,£,08 ) 
p 
Thus, The en requirements are 
Ban i 
2 


fom «P 

The prediction 2quation I's 
PMD. Fim Vem» Versa Das 
Bm 


(L) Tf all similarity ure are satistiecl, the prediction 


e4 uation indicates at 


Mes 8 Me Ba (sofbe)ay «2 be 


yr 
From the third intr apes ( with 4= Bi dy 


* [aren =F 


Master Typing Sheet 
10% Reduction 
8 1/2 x 1} trim size 


7.57 The pressure rise, Ap, across a blast wave, as shown 

in Fig. P7.57and Video V11.7 is assumed to be a function of _ 

the amount of energy released in the explosion, E, the air den- —~--— Air (p, ¢) 

sity, p, the speed of sound, c, and the distance from the blast, | 

d, (a) Put this relationship in dimensionless form. (b) Consider 

two blasts: the prototype blast with energy release E and a model 

blast with 1/1000th the energy release (E,, = 0.001 E). At what 

distance from the model blast will the pressure rise be the same W@ FIGURE P7.57 
as that at a distance of 1 mile from the prototype blast? ’ aie’ 


ca kT + d=l 
| | 


i re t dicsset “reguived, and 
siéna a partis | | 


saans 
poe 


i 


} 


Predhen aa tion at [= tH | ) i 


| 
ree moet Ree aes eek ee aes © 


on 


FETE EEE cere Gu hers 
é Serernoces ent HA 


Seow a 
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7.58 The drag, &, on a sphere located in a pipe through 
which a fluid is flowing is to be determined experimentally (see 
Fig. P7.58. Assume that the drag is a function of the sphere 
diameter, d, the pipe diameter, D, the fluid velocity, V, and the 
fluid density, p. (a) What dimensionless parameters would you 
use for this problem? (b) Some experiments using water indi- 
cate that ford = 0.2 in., D = 0.5 in., and V = 2 ft/s, the drag 
is 1.5 X 107* lb. If possible, estimate the drag on a sphere 
located in a 2-ft-diameter pipe through which water is flowing 
with a velocity of 6 ft/s. The sphere diameter is such that ge- 
ometric similarity is maintained. If it is not possible, explain 
why not. 


FIGURE P7.58 


(a) b= £ (d, 0, V, p) 
Garp deh. Bel veh” pe eer? 


From the pr theorem, 5-3 = Z pi terms reguived, And a 
dimensiena/ analysis yields 


pe HS? 


(s) The siru larity re guirement Is 
| ae 


i © 
so Tat o.2in. . Aww 
6. Fh. 2 
and A= 0.8 F4 (regured dhameter } 


Thus, The prediction eguation 13 


8 fe 
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7.59 An incompressible fluid oscillates har- 
monically (V = V, sin wt, where Vis the velocity) 
with a frequency of 10 rad/s in a 4-in.-diameter 
pipe. A 4 scale model is to be used to determine 
the pressure difference per unit length, Ap, (at 
any instant) along the pipe. Assume that 


Ap, = f(D, Vo, @, t, H, p) 


where D is the pipe diameter, w the frequency, 
f the time, u the fluid viscosity, and p the fluid 
density. (a) Determine the similarity require- 
ments for the model and the prediction equation 
for Apy. (b) If the same fluid is used in the model 
and the prototype, at what frequency should the 
model operate? 


Agere? pak ysir! wet £87 per partir 
Frem the p? theorem , 


dimenssona! analysis yields 


7-3 = & pr terms reguived, atid a 


(a) Thus, the ‘dinieats reguirements are 
Vom tn ot aw te sat — Pa lom Dy . POP 
Dm D >= Am 
and the prediction Cyuation bs 
D At . fn AP em 
Piss Pm Wa 
(b) For Reynolds number similarity ( the last similarity reguirembnt ) 


with the same fluid im model and Prototype, 
Yom. 2 


hp. 
so That from Me Lirst Similar reg wire ment 


t DD, Ve . 
i? D Vom 


2p) = (Ba z) 


Thus, to satis ty The vemaining similarity rexuivement 
ln ty = Ot 


= ie yi a) = C#) “Go red) = 


—— > 


d 
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7.60 


7.60 As shown in Fig. P7.60, a “noisemaker” B is towed behind a 
minesweeper A to set off enemy acoustic mines such as at C. The 
drag force of the noisemakeér is to be studied in a water tunael at a 
% scale model (model % the size of the prototype). The drag force is 
assumed to be a function of the speed of the ship, the density and 
viscosity of the fluid, and the diameter of the noisemaker. (a) If the 
prototype towing speed in 3 m/s, determine the water velocity in 
the tunnel for the model tests, (b) Ifthe model tests of part (a) pro- 
duced a model drag of 900 N, determine the drag expected on the 
prototype. 


MBWFIGURE P7.60 


at 
(a) D={(V, 0, 2,D), where OeF- Se Y= 7,07 oa, 
poz x , and d= 
Thus, k-r = 5-3-2 50 thal 7 = 0(7,), 
where by inspection there are the ingredients for a Reynolds 
number Re=PVD/w, and adrag coefficient, C, =q9/(tV*D7). 
Hence F 


C, = 0(Re) 


For similarity ; Re» = Re , or 


Gl Th — ee SO that with Cn =P and Mm =p, 
Mm 


Vn Om = VD or with Dn =%D, 
w= pV = 4V=4(32)=/22 
1] 


(b) With Re,, =Re it follows that Oy, =&p, OF 
Lin 0S 


Tq * Tore 
Thvs, since Om =P, 
ta 2 Py 
Vi Dy = 
2 D 2 /, 2 Zz 
D=(K) (Ba) M = (324) (0 (goom) = Goon 
Note: The prototype has the same drag as the model. 
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7.61 The drag characteristics for a newly de- 
signed automobile having a maximum character- 
istic length of 20 ft are to be determined through 
a model study. The characteristics at both low 
speed (approximately 20 mph) and high speed (90 
mph) are of interest. For a series of projected 
model tests an unpressurized wind tunnel that will 
accommodate a model with a maximum charac- 
teristic length of 4 ft is to be used. Determine the 
range of air velocities that would be required for 
the wind tunnel if Reynolds number similarity is 
desired. Are the velocities suitable? Explain. 


For Reynolds number sim larity ) 
A Van Lan = pv 
fatindo « Ay 


jhan 
in LLY 


Since the wind tunne! 1s unpressanged The air properties will be 
a pproximatelg the Same rer model and protetype. Thus, Eg.) 


recluces to 
U b= 4 v 


and fer The data ee 
.~ §207t = 
Im = Cape)? a 
Therefore, at low speed 
Vou = 5 (Zo mph) /00 mph 
aud at high speed 
U= 5 (90 mph) = 450 mph 


So That The model velocity vange ts /00 mph +o YO mph | 


At the high velocity im the wud tunnel, Compressibility of The 
diy Would start to become an iimportint factor, whereas 
compressibility 1 hot /mportanl for The Prototype. Thus, The 
higher velocity required for Me model would not be surkble. 


No. 


SO Tuat 
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7,62 


7.62 The drag characteristics of an airplane 
are to be determined by model tests in a wind 


tunnel operated at an absolute pressure of 1300 


kPa. If the prototype is to cruise in standard air 
at 385 km/hr, and the corresponding speed of the 
model is not to differ by more than 20% from this 
(so that compressibility effects may be ignored), 
what range of length scales may be used if Rey- 
nolds number similarity is to be maintained? As- 
sume the viscosity of air is unaffected by pressure, 
and the temperature of the air in the tunnel is 
equal to the temperature of the air in which the 
airplane will fly. 


For Reynolds humber Simi larity ) 


so That 


or 


a 
[- = 3S ¥ 
es %. @ Vou 

G = Constant 


ae 
£8 


a . 
ana fg ti) Can be wriffen 4s (with M24 ) 


Aaa BM 
DB Yo 


For The date given 


Lu. Worées Vv 


a (1300 & PR.) Vom 


and with V= (140.2) V, 1+ Hows That 


/ 


(oikh) 


Sm 


J 


Je : C300kP2) (1t0.2) 


Thus, The range of length sales ks 
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©.0647 to 0.097/ . 


- %63 Wind blowing past a flag causes it to ‘‘flutter in the 
breeze.’ The frequency of this fluttering, w, is assumed to be 
a function of the wind speed, V, the air density, p, the acceler- 
ation of gravity, g, the length of the flag, @, and the ‘‘area den- 
sity,’’ p,, (with dimensions of ML~*) of the flag material. It is 
desired to predict the flutter frequency of a large € = 40 ft flag 
in a V = 30 ft/s wind. To do this a model flag with € = 4 ft 
is to be tested in a wind tunnel. (a) Determine the required area 
density of the model flag material if the large flag has p, = 
0.006 slugs/ft?. (b) What wind tunnel velocity is required for 
testing the mode}? (c) If the model flag flutters at 6 Hz, predict 
the frequency for the large flag. 


wf °,3,4,f) 
we! Ysltt” P2MeFe geeT* fal Aan 


From the pi Theorem, 6-3 = 3 pi terms reguired, and @ 
dimensional Qrial ysis yields 


(Fe 4 (% (A ) 
Q) g ? (. ) PL 
(ay For milarrty 


‘foam = LA 
Ct ae 


Gna Since Pon =P 

Fai is yf Slu : 
Pam? GE Pa (24. ) (0.000 ee) 
(b) Br sim larity 


Von = 
Vinhe van" 


Gna with m= J 


Yee Ye 


ce) With the simlarity requirements satistied the prediction 


Sma is wo | ty |[Ea 


So that a A 
ae Z |", i | (6 Hy)= 1.90 Ha 
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W865 The drag on a sphere moving in a fluid 
is known to be a function of the sphere diameter, 
the velocity, and the fluid viscosity and density. 
Laboratory tests on a 4-in.-diameter sphere were 
performed in a water tunnel and some model data 
are plotted in Fig. P?7, 65. For these tests the vis- 
cosity of the water was 2.3 x 10-> Ib-s/ft? and 
the water density was 1.94 slugs/ft?. Estimate the 
drag on an 8-ft diameter balloon moving in air at 
a velocity of 3 ft/s. Assume the air to have a 
viscosity of 3.7 x 10°? Ib-s/ft? and a density of 
2.38 X 10-3 slugs/ft?. 


Model drag, Ib 


Mode! velocity, ft/s 
FIGURE P7.65 


OF (A, VP pw) 


where: Xn drageF, dasphere deameter=l, V~ velocity = ir 
| i fF lure density = aa Sell /K~ sofia uscosity = oe 


From the pr theorem | S-3= 2 pi terms reguired and a 
Aimenswnal analysis _ 


d 
Be -t (02) 


Thus, Keqnelds number Similarity 1s reguired 50 That 


(4.3 «10% oS i 3X0 “ie ) 8 ft) a 
= TTL Sig ——__*t* | + 
aug 
Fram he graph for Vy, = 5.49 ras ob) = 1.30 IL. Smee 
in 
Pv eg —— Pan Yn chy 
or LALLA 
dP Be ee ha 
so That > lugs ) z 
fs az 
(23880 (3 €£) (s#e)’ (1.30%) = 


eA ee Bel 0.274 Ib 
(194 SH) (5.49 F)? G Ga ———= 


169 


D,,=0.05m 
7.67 Drag measurements were taken for a sphere, with a diameter i 
of 5 cm, moving at 4.m/s in water at 20 °C. The resulting drag on 
the sphere was 10 N. Fora balloon with 1-m diameter rising in air water 


with standard temperature and pressure, determine (a) the velocity air 
if Reynolds number similarity is enforced and (b) the drag force if 
the drag coefficient (Eq. 7.19) is the dependent pi term. mo d e@ | prototype 
a) For Reynolds number similarity, Reg =Rem, where \pand ¢ \m 


refer fo prototype and mode | j respectyyely. Ths, 


“e-(#) be 
ot Hai */s) (0.05m) 


Mm 
2 ZW 


(b) Ody = Chm SINCE CPL Re) and Rem = Rep, 


ep “i ey 
2OP 10m Vin Dn 


i 
fe (Ye) (26) 


: 23 kg/m?) (_ 2. _2,$1ls) (1 
“(998 2 kg/m)\ 4m/s 


0.0 
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7.68 A prototype automobile is designed to travel st 65.km/hr. A 
model of.this design is tested in a wittd tunnel with identical stan- 
dard seatlevel air properties at a 1:5 scale. The measured: model 
drag is 400 'N, enforcing dynamic similarity. Desermine (a) the drag 
force on the prototype and (b) the power required to overcome this 
drag. See Eq. 7.19. 
For this model, ( Jy, and prototype, ( jp, assvine 
Cy=P(Re), where Re=VL/v and G,- O/(teV'S’) 
so that if Re,, =Kep, 
(0) Vn tn (Uy = Vo4p/Yp, where % = Vp. 
Hence, 
000m JhAr.)_ m 
Vin = “7 Mp sia, )65 Sr = 325 5p Pree ashes) = 94.35 


Also, with Cy, = Cog ; 
Lm 


oe ees op ; < 
: ie 7 Vay , &F SINCE Pm = Pp, 
Ye) (be J Oh, = (See a (5) 4000) = 490K 


325 km/hr 


(b) P= power = DV so that 
h 
Be de Vp = 400M (65 ie )(sso0e)( Tim) = 2220 Me 
= 7220 v 
Note: 7220W (1, 34/x)0 >AP) = 9.68 hp 


7.69 A new blimp will move at 6 m/s in 20 °C air, and we want to 
predict the drag force. Using a 1 : 13-scale model in water at 20 °C 
and measuring a 2500-N drag force on the model, determine (a) the 
required water velocity, (b) the drag on the prototype blimp and, (c) 
the power that will be required to propel it through the air. 


For this model and prototype, assome (see Eg, 7,19) 


G, = (Re) , Where Re = Vb/¥ Reynolds mmber, and 
C= Wo /(t0V*0") = arag coetficient 


(a) Thus, with ( Jy and ( ), denoting model and prototype J respectively 
Rem = Ro F or 


Vn Ln _ Vol 
he 


Nae 
ro Gp Me = (7) (soomiiimile (6B) = 5.2 & 


fe 


a ‘ a 
2 On Vm pa 2 Cp Vp of 
Hence, 
P VoV/f rit 
Lp. = Se E (SE) (FE) dh 
_ esi ( 5, aa) (13) (2500N) = 676M 


(c) B= Lh V,= 676N (6%) - 4070 NM _ no70W 


* Fluid properties are from Tables 8.2 and 8.4 
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7.70 Ata large fish hatchery the fish are reared in open, 
water-filled tanks. Each tank is approximately square in 
shape with curved comers, and the walls are smooth. To cre- 
ate motion in the tanks, water is supplied through a pipe at 
the edge of the tank. The water is drained from the tank 
through an opening at the center. (See Video V7.9.) A model 
with a length scale of 1:13 is to be used to determine the 
velocity, V, at various locations within the tank. Assume that 


V=f(€, €; p, 4, 8, Q) where € is some characteristic length . 


such as the tank width, €; represents a series of other perti- 
nent lengths, such as inlet pipe diameter, fluid depth, etc., p 
is the fluid density, 2 is the fluid viscosity, g is the acceler- 


CQ) 


From The py Theorem, 7-3 = 
dimensional analysts 
ves bE ee 


v= F(L, 4; , ?, 


ation’ of gravity, and Q is the discharge through the tank. 
(a) Determine a suitable set of dimensionless parameters for 
this problem and the prediction equation for the velocity. If 
water is to be used for the model, can all of the similarity 
requirements be satisfied? Explain and support your answer 
with the necessary calculations. (b) If the flowrate into the 
full-sized tank is 250 gpm, determine the required value for 
the model discharge assuming Froude number similarity. 
What model depth will correspond to a depth of 32 in. in 
the full-sized tank? 


#, 9,9) 


“4 pe terms reguired ana a 


yields 
- 


2 aa) 


Thas, The similarity oe are 


ae a ae 
Lam & Lien 
and the 


ME 


@) 2 
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Fn Drm 
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_ pe 
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Q 
From the Sast similarity yeguirement with foe =P and M,, =f 


Grn 
? 


Hi ey ze Seg 
2 one 2 


Howeve r, From Ine Second simlanty Ye guirem ent with 


ery 


ih 
(<=) 


Svace These ee ean are sh Conflict vt 
fo/lows Thet the similanty Yeguirem ents Cannot 
be saktistied, 


No 
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C font) 
(L) For Froude number similanty 
ee, 
Bend VGA 


and with Gm=é = G 


Thus, trem The "preset ae 
Vs Yn Se 

@ 

(t nes thud 


oF) Et (4s) 


So that with inh = 1/13 
@ = ae “(250 g pam) = 0.410 The Bp 
Note That This same result Can be obthine dt from the S€condl 


sjru larity reéguirement ( which Corresponds fo Froude 
hum ber simlanty ) Since 


ne ae Be 
Dean =a 
ank There hre i 5h 
am Ca © 
Geometric similarity reg uires That 
him = Ké 
hrvn A 
or Lim - Lam | 


A: 
so That al/ lengths scale as The length Scale | Thus, 


(depth a = (Feet) stcdype 


= (5) (82 in) = 2.46 in. 


(a) 


(b) 


7.71 Flow patterns that develop as winds blow past a 
vehicle, such as a train, are often studied in low-speed en- 
vironmental (meteorological) wind tunnels. (See Video 
V7.16) Typically, the air velocities in these tunnels are in the 
range of 0.1 m/s to 30 m/s. Consider a cross wind blowing 
past a train locomotive. Assume that the local wind veloc- 
ity, V, is a function of the approaching wind velocity (at 
some distance from the locomotive), U, the locomotive 
length, €, height, h, and width, 5, the air density, p, and the 
air viscosity, 2. (a) Establish the similarity requirements and 
prediction equation for a model to be used in the wind 
tunnel to study the air velocity, V, around the locomotive. 
(b) If the model is to be used for cross winds gusting to 
U = 25 m/s, explain why it is not practical to maintain 
Reynolds number similarity for a typical length scale 1:50. 


y= £(U, 2,4 62 pw) 


Vint DSir! fel hel beh PS FET ys Fe 


From The pe Theovem 7-3= ‘+ pi terms reguired and a 
clfmensional Qnalysis yields 


‘ Lb kv 
bab (S ig) 


Thus, The similarity 
to oe bm 
Am _h Kt 


The prediction Ce uarion {s 
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7.72 (See “Gatloping Gertie,” Section 7.8.2.) The Tacoma 

Narrows bridge failure is a dramatic example of the possible 

serious effects of wind-induced vibrations. As a fluid flows 

around a body, vortices may be created which are shed period- 

ically creating an oscillating force on the body. If the frequency 

of the shedding vortices coincides with the natural frequency 

of the body, large displacements of the body can be induced as 

was the case with the Tacoma Narrows bridge. To illustrate this 

type of phenomenon, consider fluid flow past a circular cylin- 

der. Assume the frequency, n, of the shedding vortices behind 

the cylinder is a function of the cylinder diameter, D, the fluid 

velocity, V, and the fluid kinematic viscosity, v. (a) Determine 

a suitable set of dimensionless variables for this problem. One 

of the dimensionless variables should be the Strouhal number, 

nD/V. (b) Some results of experiments in which the shedding 

frequency of the vortices (in Hz) was measured, using a 

particular cylinder and Newtonian, incompressible fluid, are 

shown in Fig. P7.7. Is this a “universal curve” that can be used ~ 10 100 1,000 10,000 
to predict the shedding frequency for any cylinder placed in any * Re, VDiv 
fluid? Explain. (c) A certain structural component in the form BFIGURE P7.72 
of a I-in.-diameter, 12-ft-long rod acts as a cantilever beam with 

a natural frequency of 19 Hz. Based on the data in Fig. P7.7 , 

estimate the wind speed that may cause the rod to oscillate at 

its natural frequency. Hint: Use a trial and error solution. 
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7.73 (See “Ice engineering,” Section 7.9.3.) A model study is 
to be developed to determine the force exerted on bridge piers 
due to floating chunks of ice in a river. The piers of interest have 
square cross sections. Assume that the force, R, is a function the 
pier width, b, the depth of the ice, d, the velocity of the ice, V, 
the acceleration of gravity, g, the density of the ice, p;, and a mea- 
sure of the strength of the ice, E;, where £; has the dimensions 


FL. (a) Based on these variables determine a suitable set of di- | 
mensionless variables for this problem. (b) The prototype con- | 
ditions of interest include an ice thickness of 12 in. and an ice 
velocity of 6 ft/s. What model ice thickness and velocity wouid 
be required if the length scale is to be 1/10? (c) If the model and 
prototype ice have the same density can the model ice have the 
same strength properties as that of the prototype ice? Explain. 
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7.7%  Asillustrated in Video V7.9, models are commonly 
used to study the dispersion of a gaseous pollutant from an 
exhaust stack located near a building complex. Similarity re- 
quirements for the pollutant source involve the following in- 
dependent variables: the stack gas speed, V the wind speed, 
U, the density of the atmospheric air, p, the difference in 
densities between the air and the stack gas, p — p,, the ac- 
celeration of gravity, g, the kinematic viscosity of the stack 
gas, v,, and the stack diameter, D. (a) Based on these vari- 
ables, determine a suitable set of similarity requirements for 
modeling the pollutant source. (b) For this type of model a 
typical length scale might be 1:200. If the same fluids were 
used in model and prototype, would the similarity require- 
ments be satisfied? Explain and support your answer with 
the necessary calculations. 
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7.75 River models are used to study many different 
types of flow situations. (See, for example, Video V7.12) A 
certain small river has an average width and depth of 60 ft 
and 4 ft, respectively, and carries water at a flowrate of 700 
ft?/s. A model is to be designed based on Froude number 
similarity so that the discharge scale is 1/250. At what depth 
and flowrate would the model operate? 


For Froude raumber sim larity 
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1.76 As winds blow past buildings, complex flow pat- 
terns can develop due to various factors such as flow sepa- 
ration and interactions between adjacent buildings. (See 
Video V7./3) Assume that the local gage pressure, p, at a 
particular location on a building is a function of the air den- 
sity, p, the wind speed, V, some characteristic length, @, and 
all other pertinent lengths, €,, needed to characterize the 
geometry of the building or building complex. (a) Deter- 
mine a suitable set of dimensionless parameters that can be 
used to study the pressure distribution. (b) An eight-story 
building that is 100 ft tall is to be modeled in a wind tun- 
nel. If a length scale of 1:300 is to be used, how tall should 
the model building be? (c) How will a measured pressure in 
the model be related to the corresponding prototype pres- 
sure? Assume the same air density in model and prototype. 
Based on the assumed variables, does the model wind speed 
have to be equal to the prototype wind speed? Explain. 


a pet (py, 4, Ir) 
fom pepe yaa Yeu La) 


From the pr Theorem 3-Z=2 fe terms veguired, Gnd & 
dimensional! analysis Yields 


£24) 


(b) For geometric similarity 


ln . Z 
im Le 
So thet toa : ts. 
gE Od . 
Gnd «st follows That all pertinent lengths are sealed wit 
the Length Seale Lm / 2. Thus, witr Lm /2 = /300 


model height = cee = 0.333 ft 


(C) With geometric similanty setished it fa Ilows That 
Fo Pe. 
PV™ — Pow Vink 
Thus, Loith [rm = Vv > 
p= (v. ) ta 
With the set of given variables Theve Is no vegairement 


for the velocr+y scale, Vm/V, so the mode! Wind speed 
does not have to bz equ the The Prototype Wind 


Speed. No. 


7-8 | 


7.77 


7.77 Start with the two-dimensional conti- 
nuity equation and the Navier-Stokes equations 
(Eqs. 7.35, 7.36, and 7.37) and verify the non- 
dimensional forms of these equations (Eqs. 7.38, 
7.41, and 7.42). . 
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| 2714) (cont) 


For The Pressure terms . 
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778 A viscous fluid is contained between wide, parallel 
‘plates spaced a distance # apart as shown in Fig. P7.7&.The 

, upper plate is fixed, and the bottom plate oscillates harmonically 
with a velocity amplitude U and frequency w. The differential 
equation for the velocity distribution between the plates is 


Ou _ Pu 

Pa ay 
where u is the velocity, t is time, and p and pare fluid density 
and viscosity, respectively. Rewrite this equation in a suitable 
nondimensional form using h, U, and w as reference parameters. 
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7.79 The deflection of the cantilever beam of 
Fig. P7.79 is governed by the differential equation 
d*y _ % 

EI rr P(x - () 
where E is the modulus of elasticity and / is the 
moment of inertia of the beam cross section. The 
boundary conditions are y = 0 at x = 0 and 
dy/dx = 0 atx = 0. (a) Rewrite the equation 
and boundary conditions in dimensionless form 
using the beam length, f, as the reference length. 
(b) Based on the results of part (a) what are the 
similarity requirements and the prediction equa- | 
tion for a model to predict deflections? 
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7,80 
7.80 A liquid is contained in a pipe that is 
closed at one end as shown in Fig. P7.80. Initially 

. the liquid is at rest, but if the end is suddenly 
opened the liquid starts to move. Assume the 
pressure p, remains constant. The differential 
equation that describes the resulting motion of 
the liquid is 


du, Dy dv, 
—a + + 
ark Nar? 
where vu, is the velocity at any radial location, r, 
and ¢ is time. Rewrite this equation in dimen- 
sionless form using the liquid density, p, the vis- 


cosity, #4, and the pipe radius, R, as reference 
parameters. 
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7.8) | Anincompressible fluid is contained be- 
tween two infinite parallel plates as illustrated in 
Fig. P7.6/. Under the influence of a harmonically 
‘varying pressure gradient in the x direction, the 
fluid oscillates harmonically with a frequency w. 
The differential equation describing the fluid mo- 
tion is 
du a? 

ia = X cos wt ae 
where X is the amplitude of the pressure gradient. 
Express this equation in nondimensional form us- 
ing hk and w as reference parameters. 
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7.82 Flow from a Tank 


Objective: When the drain hole in the bottom of the tank shown in Fig. P7,82 is opened, 
the liquid will drain out at a rate which is a function of many parameters. The purpose of 
this experiment is to measure the liquid depth, h, as a function of time, t, for two geomewi- 
cally similar tanks and to learn how dimensional analysis can be of use in situations such as 
this. 


Equipment: Two geometrically similar cylindrical tanks; stop watch; thermometer; ruler. 


Experimental Procedure: Make appropriate measurements to show that the two tanks 
are geometrically similar. That is, show that the large tank is twice the size of the small tank 
(twice the height; twice the diameter; twice the hole diameter in the bottom). Fill the large 
tank with cold water of a known temperature, 7, and determine the water depth, h, in the 
tank as a function of time, #, after the drain hole is opened. Thus, obtain h = h(t). Note that 
tranges from t = 0 when h = H (where H is the initial depth of the water), to t = ff9q) then 
the tank is completely drained (h = 0). Repeat the measurements using the small tank with 
the same temperature water. To ensure geometric similarity, the initial water level in the small 
tank must be one-half of what it was in the large tank. Repeat the experiment for each tank 
with hot water. Thus you will have a total of four sets of A(r) data. 


Calculations: Assume that the depth, h, of water in the tank is a function of its initial 
depth, H, the diameter of the tank, D, the diameter of the drain hole in the bottom of the 
tank, d, the time, ¢, after the drain is opened, the acceleration of gravity, g, and the fluid den- 
sity, p, and viscosity, 4. Develop a suitable set of dimensionless parameters for this problem 
using H, g, and p as repeating variables. Use t as the dependent parameter. For each of the 
four conditions tested, calculate the dimensionless time, tg’/H'”, as a function of the di- 
mensionless depth, h/H. 


Graph: Ona single graph, plot the depth, 4, as ordinates and time, t, as abscissas for each 
of the four sets of data. 


Results: On another graph, plot the dimensionless water depth, h/H, as a function of di- 
mensionless time, tg'?/H'”, for each of the four sets of data. Based on your results, com- 


ment on the importance of density and viscosity for your experiment and on the usefulness 
of dimensiona! analysis. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 
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Solution for Problem 7.82: Flow froma Tank 


H for big tank, in. H for small tank, in. 
16.0 8.0 


h, in. 


Big Tank with T = 57 deg C 


Small Tank with T = 57 deg C 
0.0 
3.1 
95 
18.2 
30.1 
414 


Small Tank with T = 20 deg C 


Vo 84 


tg"7/H"? 


0.0 
45.2 
98.3 
166.1 

280.1 


0.0 


h/H 


1.000 
0.750 
0.500 
0.250 
0.000 


1.000 
0.750 
0.500 
0.250 
0.000 


1.000 
0.875 
0.625 
0.375 
0.125 
0.000 


Problem 7.62 
Water depth, h, vs time, t 


—e— Big tank, T = 57 degC | 


@ Big tank, T= 20 degC 
| 
—t— Small tank, T = 57 deg C 
X Small tank, T = 20 deg C 


Problem 7.862 
Dimensionless Depth, h/H, 
vs 
Dimensionless Time, t*(g/H)*0.5 


—— Big tank, T = 57 degC 
a Big tank, T = 20 deg C 
— &— Small tank, T = 57 degC 
xX Small tank, T = 20 deg C 
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7.83 Vortex Shedding from a Circular Cylinder 


Objective: Under certain conditions, the flow of fluid past a circular cylinder will pro- 
duce a Karman vortex street behind the cylinder. As shown in Fig. P7.83, this vortex street 
consists of a set of vortices (swirls) that are shed alternately from opposite sides of the cylin- 
der and then swept downstream with the fluid. The purpose of this experiment is to deter- 
mine the shedding frequency, w cycles (vortices) per second, of these vortices as a function 
of the Reynolds number, Re, and to compare the measured results with published data. 


Equipment: Water channel with an adjustable flowrate; flow meter; set of four different 
diameter cylinders; dye injection system; stopwatch. 


Experimental Procedure: Insert a cylinder of diameter D into the holder on the bot- 
tom of the water channel. Adjust the control valve and the downstream gate on the channel 
to produce the desired flowrate, Q, and velocity, V Make sure that the flow-straightening 
screens (not shown in the figure) are in place to reduce unwanted turbulence in the flowing 
water. Measure the width, b, of the channel and the depth, y, of the water in the channel so 
that the water velocity in the channel, V = Q/(by), can be determined. Carefully adjust the 
control valve on the dye injection system to inject a thin stream of dye slightly upstream of 
the cylinder. By viewing down onto the top of the water channel, observe the vortex shed- 
ding and measure the time, ¢, that it takes for NV vortices to be shed from the cylinder. For a 
given velocity, repeat the experiment for different diameter cylinders. Repeat the experiment 
using different velocities. Measure the water temperature so that the viscosity can be looked 
up in Table B.1. 


Calculations: For each of your data sets calculate the vortex shedding frequency, 
w = N/t, which is expressed as vortices (or cycles) per second. Also calculate the dimen- 
sionless frequency called the Strouhl number, St = wD/V, and the Reynolds number, 
Re = pVD/t. 


Graph: Ona single graph, plot the vortex shedding frequency, w, as ordinates and the 
water velocity, V, as abscissas for each of the four cylinders you tested. On another graph, 
plot the Strouh! number as ordinates and the Reynolds number as abscissas for each of the 
four sets of data. 


Dye injection 


Cylinder 


Karman vortex street 


Side view Top view 
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7.83 (cont) 


Results: On your Strouhl number verses Reynolds number graph, plot the results taken 
from the literature and shown in the following table. 


St Re 
0 <50 
0.16 100 
0.18 150 
0.19 200 
0.20 300 
0.21 400 
0.21 600 


0.21 800 


Data: To proceed, print this page for reference when you work the problem and efick here 
to bring up an EXCEL page with the data for this problem. 


Solution for Problem 7.83: Vortex Shedding from a Circular Cylinder 


T,degF b,ft 
70 0.50 
Data from Literature 
| Q ft*3/s __ iy, ft D, ft N t,s o,cycles/s’ V, ft/s Re St Re St 
0.036 0.82 0.0202 10.0 13.2 0.758 0.0878 169 0.174 50 0.00 
0.036 0.82 0.0314 10.0 19.9 0.503 0.0878 263 0.180 100 0.16 
0.036 0.82 0.0421 10.0 24.5 0.408 0.0878 352 0.196 150 0.18 
0.036 0.82 0.0518 10.0 30.1 0.332 0.0878 433 0.196 200 0.19 
300 0.20 
400 0.21 
0.062 0.79 0.0202 10.0 6.3 1.587 0.1570 302 0.204 600 0.21 
0.062 0.79 0.0314 10.0 96 1.042 0.1570 469 0.208 800 0.21 


0.062 0.79 0.0421 10.0 12.5 0.800 0.1570 629 0.215 
0.062 G7g 0.0619 10.0 15.1 0.662 0.1570 774 0.219 


0.029 0.86 0.0202 10.0 19.2 0.521 0.0674 130 0.156 
0.029 0.86 0.0314 10.0 28.2 0.355 0.0674 202 0.165 
0.029 0.86 0.0421 10.0 33.1 0.302 0.0674 270 0.189 
0.029 0.86 0.0518 10.0 36.7 0.272 0.0674 333 0.209 


0.018 0.92 0.0202 10.0 31.2 0.321 0.0391 75 0.165 
0.018 0.92 0.0314 10.0 41.3 0.242 0.0391 117 0.194 
0.018 0.92 0.0421 10.0 52.2 0.192 0.0391 157 0.206 
0.018 0.92 0.0518 10.0 65.3 0.153 0.0391 193 0.203 


o = N/t 
V = Q/(by) 


St = wD/V and Re = DV/v, where 


v = 1.052E-5 ft*2/s 


(cont ) 
T- 42. 


wo, cycles/s 
> (Ox Or TO SSS oS oe 
YN FD Mw OM BR OD & 


Oo 
oO 


Problem 7.83 
Shedding Frequency, o, vs Velocity, V 


—@— D = 0.0202 ft 


—#-D = 0.0314 ft 
—#— D= 0.0421 ft 


—*- D = 0.0518 ft 


0.10 
V, ft/s 


Problem 7.83 
Strouhl Number, St, 
vs 
Reynolds Number, Re 
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7.84 Head Loss across a Valve 


Objective: A valve in a pipeline like that shown in Fig. P7.84 acts like a variable resis- 
tor in an electrical circuit. The amount of resistance or head loss across a valve depends on 
the amount that the valve is open. The purpose of this experiment is to determine the head 
loss characteristics of a valve by measuring the pressure drop, Ap, across the valve as a func- 
tion of flowrate, Q, and to learn how dimensional analysis can be of use in situations such 
as this. 


Equipment: Air supply with flow meter; valve connected to a pipe; manometer connected 
to a static pressure tap upstream of the valve; barometer; thermometer. 


Experimental Procedure: Measure the pipe diameter, D. Record the barometer read- 
ing, Hau in inches of mercury and the air temperature, 7, so that the air density can be cal- 
culated by use of the perfect gas law. Completely close the valve and then open it N turns 
from its closed position, Adjust the air supply to provide the desired flowrate, Q, of air through 
the valve. Record the manometer reading, h, so that the pressure drop, Ap, across the valve 
can be determined. Repeat the measurements for various flowrates. Repeat the experiment 
for various valve settings, N, ranging from barely open to wide open. 


Calculations: For each data set calculate the average velocity in the pipe, V = Q/A, where 
A = 7D’/4 is the pipe area. Also calculate the pressure drop across the valve, Ap = Ymh, 
where Ym is the specific weight of the manometer fluid. For each data set also calculate the 
loss coefficient, K,, where the head loss is given by hy = Ap/y = K, V?/22 and y is the 
specific weight of the flowing air. 


Graph: Ona single graph, plot the pressure drop, Ap, as ordinates and the flowrate, Q, 
as abscissas for each of the valve settings, N, tested. 


Results: On another graph, plot the loss coefficient, K,, as a function of valve setting, WN, 
for all of the data sets. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 
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Solution for Problem 7.84: Head Loss across a Valve 


D, in. Hatm: in. Hg T, deg F 
0.81 28.7 70 
h, in. Q, ft*3/s Ap, Ib/ft*2 
N = 2 Turns Open Data 
9.20 0.235 47.8 
6.50 0.195 33.8 
5.04 0.169 26.2 
N = 3 Turns Open Data 
9.40 0.479 48.9 
6.33 0.386 32.9 
5.01 0.341 26.1 
3.62 0.289 18.8 
1.92 0.214 10.0 
N = 4 Turns Open Data 
9.35 0.827 48.6 
7.65 0.767 39.8 
6.01 0.691 31.3 
4.32 0.578 2215 
3.24 0.504 16.8 
2.62 0.456 13.6 
1:85 0.391 9.6 
0.98 0.283 5.1 
N = 5 Turns Open Data 
3.03 0.897 15.8 
2.3: 0.799 12.3 
1.79 0.701 9.3 
1.39 0.618 P22 
0.97 0.517 5.0 
0.64 0.426 3.3 
AP = yH20"h 


K, = Ap/(pV7/2) where 
V = Q/A= Qi(n*D7/4) 
and 

P = Pam/RT where 


Patm = YHg"Hatm = 847 Ib/ft*3*(28.7/12 ft) = 2026 Ib/ft*2 


R = 1716 ft Ib/slug deg R 
T = 70 + 460 = 530 deg R 


Thus, p = 0.00223 slug/ft*3 


(cont) 
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V, ft/s 


65.7 
54.5 
47.2 


133.9 
107.9 
95.3 
80.8 
59.8 


231.1 
214.3 
193.1 
161.5 
140.8 
127.4 
109.3 
79.1 


250.7 
223.3 
195.9 
172.7 
144.5 
119.0 


AHA AHAHAAA WW WW Ww 


aaa»a»a»n»n 


K. 


9.95 
10.21 
10.54 


2.45 
2.54 
2.57 
2.59 
2.50 


0.816 
0.777 
0.752 
0.772 
0.762 
0.752 
0.723 
0.731 


0.225 
0.222 
0.218 
0.217 
0.217 
0.211 


Problem 7.864 


Pressure Drop, Ap, vs Flowrate, Q 


Dy —@-N=2 
= —a—N=3 
a 
=. —a—N=4 
a 
4 —-e—-N=5 


0 0.2 0.4 0.6 0.8 1 
Q, ft*3/s 


Problem 7.34 
Loss Coefficient, K_, 
vs 
Number of Turns Open, N 


poner 
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7.85 Calibration of a Rotameter 


Objective: The flowrate, Q, through a rotameter can be determined from the scale read- 
ing, SR, which indicates the vertical position of the float within the tapered tube of the ro- 
tameter as shown in Fig. P7.85. Clearly, for a given scale reading, the flowrate depends on 
the density of the flowing fluid. The purpose of this experiment is to calibrate a rotameter 
so that it can be used for both water and air. 


Equipment: Rotameter, air supply with a calibrated flow meter, water supply, weighing 
scale, stop watch, thermometer, barometer. 


Experimental Procedure: Connect the rotameter to the water supply and adjust the 
flowrate, Q, to the desired value. Record the scale reading, SR, on the rotameter and mea- 
sure the flowrate by collecting a given weight, W, of water that passes through the rotame- 
ter in a given time, ¢. Repeat for several flow rates. 

Connect the rotameter to the air supply and adjust the flowrate to the desired value as 
indicated by the flow meter. Record the scale reading on the rotameter. Repeat for several 
flowrates. Record the barometer reading, H,,,,, in inches of mercury and the air temperature, 
T, so that the air density can be calculated by use of the perfect gas law. 


Calculations: For the water portion of the experiment, use the weight, W, and time, 1, 
data to determine the volumetric flowrate, Q = W/yt. The equilibrium position of the float 
is a result of a balance between the fluid drag force on the float, the weight of the float, and 
the buoyant force on the float. Thus, a typical dimensionless flowrate can be written as 
Q/\d(e/V ap; - p))'”], where d is the diameter of the float, V is the volume of the float, g 
is the acceleration of gravity, p is the fluid density, and p, is the float density. Determine this 
dimensionless flowrate for each condition tested. 


Graph: Ona single graph, plot the flowrate, Q, as ordinates and scale reading, SR, as ab- 
scissas for both the water and air data. 


Results: On another graph, plot the dimensionless flowrate as a function of scale reading 
for both the water and air data. Note that the scale reading is a percent of full scale and, 
hence, is a dimensionless quantity. Based on your results, comment on the usefulness of di- 
mensional analysis. 


Data: To proceed, print this page for reference when you work the problem and click dre 
to bring up an EXCEL page with the data for this problem. 


Scale 


tm FIGURE P7.85 


(cont) 
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7.85 (con Zz) 


Solution for Problem 7.85: Calibration of a Rotameter 


din.  V, in.43 p;, slug/ft*3 Hatm in. T, deg F 


1.40 1.50 15.1 29.05 78 
Air Flow Data * 
SR Q, ft*3/s (Q/d)[p/(Vg(prp))]1/2 
14.6 0.229 0.142 
24.5 0.321 0.200 
28.1 0.413 0.257 
33.6 0.491 0.305 
39.2 0.564 0.351 
44.8 0.644 0.400 
50.2 0.714 0.444 
55.9 0.798 0.496 
63.1 0.888 0.552 
68.6 0.973 0.605 
735 1.05 0.653 
76.2 1.08 0.671 
Water Flow Data 

SR W, Ib ts Q, ft*3/s (Q/d)[p/(Vg(prp))]1/2 
13.1 6.52 19.9 0.0053 0.103 
18.5 8.01 Miia? 0.0073 0.143 
24.2 7.02 10.4 0.0108 0.213 
28:2 7.81 10.1 0.0124 0.244 
oT | 8.20 8.4 0.0156 0.308 
45.7 9.21 WD 0.0197 0.387 
526 8.19 5.7 0.0230 0.453 


P = Patm/RT where 
Patm = YHg"Hatm = 847 Ib/ft*3*(29 05/12 ft) = 2050 Ib/ft*2 
R = 1716 ft lb/slug deg R 
T =78 + 460 = 538 deg R 


Thus, p = 0.00222 slug/ft*3 


(Cont) 


Problem 7.85 


Flowrate, Q, vs Scale Reading, SR 


Problem 7.85 
Dimensionless Flowrate vs Scale Reading 


Oo 9 
N © 


= 
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S 
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(Q/d)[pl(Vg(erp)))"” 
oO 
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8.2 Water flows through a 50-ft pipe with a 0.5-in. diameter at 
S$ gal/min. What fraction of this pipe can be considered an entrance 
region? 


Based on Tables 1.3 e 1.4 
5 9Ynin = 1. [1x07 Ft%s 


Determine Ke “ 
« 1 0" 


y (227 © 


A = 
Re = VB. & ui “le! = 2.8/xio! 
’ x 


For turbulent Flow 
Fe. 4.4(Re) 


Vo (°-F,) f.4 (2. #1x/04 a 
Pe = 1,0 fe 


8.3. Rainwater runoff from a parking lot flows through 
a 3-ft-diameter pipe, aca filling it. Whether flow in 
a pipe is laminar or turbulent depends on the value of the 
Reynolds number. (See Video V8.2) Would you expect the 
flow to be laminar or turbulent? Support your answer with 
appropriate calculations. 


Re = 2 = VD If Re>#000 the flow is turbulent, The 


corresponding velocity is 
(4000)(1.21x/0 ff ) = O O!6! tt 
- 3 ft aie 2 


Most likely the velocity will be greater than this, ¢.¢, turbulent ftow. 


/= Rev - 


8.4 Blue/and yellow streams of paint at 60 °F (each with a den- 
sity of 1.6'slugs/ft? and a viscosity 1000 times greater than water) 
enter a pipe with an average velocity of 4 ft/s as shown in Fig. splitter 
P8.44, Would you expect the paint to exit the pipe as green paintor 
separate streams of blue and yellow paint? Explain. Repeat the 
problem if the paint were “thinned” so that it is only 10 times 
more viscous than water. Assume the density remains the same. 
FIGURE P8.4 


If the flow is laminar the paint would exit as separate blue and 


yellow streams. : 
_pvd _ evo | 16 HS (4) A) 
Reo = 1000/4490 § 000 (2.3¢x/0"* Pe ) 
Thus, laminar flow so blve and yellow streams, 


If use jf = 10/59 obtain 


Re = ¥560>4000 so have turbulent flow with natural mixing and 
green paint. 
Note : Check to determine if the 25 ff length js greater than the 
entrance length ) uy, . 
For laminar Slow fe =0.06Re, or 4 =0.06 (45.6)(% H) =0.456 f<25h 


For turbulent flow fe = ¢% Re or bp =%4(¥560)8(% Ht) =2.99 ff <25#{ 


J 


= ¥5,6 <2/00 


8.5 Air at 200 °F flows at standard atmospheric pressure in a pipe 
at a rate of 0.08 ib/s. Determine the minimum diameter allowed if 
the flow is to be laminar. 


; VOD. 
Maximum Re -— for sn flow is Re =2/oo, 
or with 
, eo) _ 


. oD 
Hence, | 
As 21007 AD 
Bas 4b e 
Given o@= 0.084 P where v=g0e and e = 


Thos, / i, 
W467 x4 a 
0 2 ae = = 0. eee 
(1716 FEB, )(#60+200)'R 00187 =F 


So that Ib 


Q= 0.08 = 133 £ 
(32.2 £) (0.00187 sts) .~ 


Hence, with f= 4,49 X/O i ue iz (see Table &, 3), Ea. (1) gives 


* tee #eQ | (0.00107 SE) (1:33 2) 
~ 21007 fe ~ 21007 (HF xi? BE) = 3,36 ft 


8.6 To cool a given room it is necessary to supply 4 ft'/s of air 
through an 8-in.-diameter pipe. Approximately how long is the en- 
trance length in this pipe? 


as a =/1.52 Thus, with ya.s7x0°£ (see Table 1.6) 
¥ (&H) 


D = w58 (Fe) = 48,800 >4000 so the flow is turbulent. 


Ss 


4 uypet or he 44 (48800) “(B-) </7.7 


a 


8.7 A long small-diameter tube is to be used as a viscometer by 
measuring the flowrate through the tube as a function of the pres- 
sure drop along the tube. The calibration constant, K = Q/Ap, is 


calculated by assuming the flow is laminar. Por tubes of diameter 
0.5, 1,0, and.2.0 mm, determine the maximum flowrate allowed 
(in cmn’/s) if the fluid is (a) 20 °C water, or (b) standard air. 


AzAp _t Azo. 
pone gs eect! 


Rezo where Q= VA= £0*V 


Hi 4QD Q TOUR 
_ ff e 
Re= TOV = TOY » or Q = = 


Maximum Q occurs with maximum Re for laminar flow : Re = 2100 
Thus , O ax = (6500 


a) For 20°C water Y= 1.00% x/0° 2 ; 
- 2 - 2 
Hence, Qmax = 1650 (1004x102) D = 1.86 xi0 D & with D~m 


ee: 
b) For standard air V= 1. 46x 0° 2 
e = 3 
Hence, Qmax = 1652 (h#8 x1o* DY) D = 2,410 7D © with Dem 


Thus, the following valves are obtained 
D,m 


(a) waler 0.0008 
0. 00/0 
0. 0020 


9,30x};0°7 
166X106 
32 K JO 
1.2x107§ 
2.41K/0 * 
4,92 x10% 


(hair 0,005 
0,00) 
0.002 


Note: lem? = 10m? 


8.3 Carbon dioxide at 20 °C and a pressure 
of 550 kPa (abs) flows in a pipe at a rate of 0.04 
N/s. Determine the maximum diameter allowed 

if the flow is to be turbulent. 


For turbulent flow, Re = eb > 4000 where Q=VA=#D°V 


a Re = QD . £28 _ 4000 
Thus, 


70> — 740 


D= qodma 1 where ge@= 0.048 and w=14 16° (Table L8) 


Hence, wv | 
ye ete )(4a1%)) Sarre 


4000 7 (,47 xlo* HS) 


x (m) (+0.01 m) Pp (mm H,0) (+5 mm) 
89 The pressure distribution measured along Q (tank exit) 520 
a straight, horizontal portion of a 50-mm-diam- y 427 
eter pipe attached to a tank is shown in the table k 351 
below. Approximately how long is the entrance 4 288 
length? In the fully developed portion of the flow. : 236 
what is the value of the wail shear stress? 


5.0 0 (pipe exit) 


The. entrance length extends to the fully developed portion in 
which 9p =constant. Approximate “fn a of to obtain the following * 


From X= fox =( 7) | dp, tum 1,0 26 gmict 


Within the error on dp, the pressure gradient is constant 
for X23,m Thus, Ax 3m. 


For X>3m, SP = 72 emt Since | my Hd * Bs “l85'n)( 9802%) 


=990%, then 
5 i =, mnie a0. rool 
mm fz 


Since Ap = or tt follows that 


Zz af = S een (706%) = an asi 


8.10 (See Fhuids in the News article titled “Nanoscale flows,” Sec- 
tion 8.1.1.) (a) Water flows in a tube that has a diameter of 
D = 0.1m. Détermine the Reynolds number if the average veloc- 
ity is 10 diameters per second. (b) Repeat the calculations if the 
tube is a nanoscale tube with a diameter of D = 100 nm. 

\ 


(a) Re= yD where D=Olm > V=10(0.1m)/s = 1B, and 72 |. 12.x10° x 


Thos, 
a (1 ®) (0.4m) 


Laxio eae pe 


2. 7 e - 
(6) Re = , where D= 00m (4"—) = 10 m V=10(10 m)/s =10°2 


é 
and V=/./2x/0 2 
Thus 
we 
? (10°F) (107m 
r jo’ 


= 8.93x10° 


8.12 For fully developed laminar pipe flow in a circular pipe, the 
velocity profile is given by u(r) = 2 (1 — 7/R?) in m/s, where R 
is the inner radius of the pipe. Assuming that the pipe diameter is 
4 cm, find the maximum and average velocities in the pipe as well 
as the volume flow rate. 


ir) = Al/- r¥%>) 


Based on Fo. (S-7), 
Maximum velocity Vez A”/s 


We Could also use the fact that the Maximum 
Velocity occurs at the cenkriine of the pipe, 70 


u(o) = al(l- Yar) = ams 


Average velocity, V 
Vz Ve/g2 2/2 = | %s 


—_—_——_— 


Volume How pate, Q 
Q=VA= (1) F004) = 1.26x10°3 4s 


rT 


§-/O 


8.13 | The wall shear stress in a fully developed 
flow portion of a 12-in.-diameter pipe carrying 
water is 1.85 lb/ft?. Determine the pressure gra- 
dient, dp/dx, where x is in the flow direction, if 
the pipe is (a) horizontal, (b) vertical with flow 
up, or (c) vertical with flow down. 


Ln general, Ap = 48 sine = as 


Ths, with Pe ale B and” Hof he bce 
ag — if = L sinO 


a) For a horizontal pipe O=0 


ag -- Hh, 40.85 te) _ 
Q D | ff 


b) For vertical flow up = 90° 


oe tb 


ox =e > Ore: =~-67.8 

and 

c) For vertical flow down 6 =-90° 
40 =- +e = - £0.85 $s) 


| ft 


g- fl 


8.14 The pressure drop needed to force water 
through a horizontal 1-in.-diameter pipe is 0.60 
psi for every 12-ft length of pipe. Determine the 
shear stress on the pipe wall. Determine the shear 
stress at distances 0.3 and 0.5 in. away from the 
pipe wall. 


For a horizontal pipe f=2£ or 


Thus, A 
(0.6 X/44 Ha) 


Ter 2(12 ft) = 3.6°- , where re~ff 
Hence, 
%, = 3.6 (28 = 0/5 a 
2 with r=(0.5- = 0.3)in = 0.2 in., 


T = 3.6( 92) = 0.06 s 0.06 


Finally, with r=(0.5-O5)in. =Oin % =0 


8.15 Repeat Problem 8.14 if the pipe is on a 20° hill. Is the flow 
up or down the hill? Explain. 


For a pipe ona hill SF = Zr + Ssin@, where 9=+20° 
Assume the flow i's uphill @= +20° sialk 
OX 2 
nee aa EHF - & sinb| or I = 4 (32 hea ~ 62. #14, sinad| 
ae =- 0,295 ra Since we must ee a0, the tlow must not 


be uph a 
Assume the flow 1's down hill B= - 


Thus, = rales -0 sin] or re eee +62. #1, sin 20'| 
b =/¥$3r4 tp, j where r~ ff. The 
Hence, with =o flow is downhill 


ty =/43( 92) = 0.596 To 


With r= fee -0.3)in. = O.2 in, 


T=143( 92) = o, 238 4 


With r=(05-05)in. =O , T =O 


8- Ja 
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8.1G Water flows in a constant diameter pipe 
with the following conditions measured: At sec- 


tion (a) p, = 32.4 psi and z, = 56.8 ft; at section Cb) 
(b) p, = 29.7 psi and z, = 68.2 ft. Is the flow 
from (a) to (b) or from (b) to (a)? Explain. 


(a) 


Assume the flow is yphill. Thus, a+ +z, = B+ Miz, sp 
or with Va = Ve , 


(32.4 psi-29-7psi Ih 
b= A +2, - -Z2, = P — fad eH) 4 os -6a2t 
" #8 


or 
h, =-5.17 ff <0, which is impossible. Thus, the flow is downhill, from (b) tola). 


*8.17 Some fluids behave as a non-Newtonian power-law fluid (b) Plot the dimensionless velocity profile u/V,, where V, is the 
characterized by r = —C(du/dr)", where n = 1,3, 5, and so_ centerline velocity (at r = 0), as a function of the dimension- 
on, and C is a constant. (If n = 1, the fluid is the customary less radial coordinate r/(D/2), where D is the pipe diameter. 
Newtonian fluid.) (a) For flow in around pipe of a diameter D, Consider values of n = 1, 3, 5, and 7. 

integrate the force balance equation (Eq. 8.3) to obtain the ve- 


locity profile 


—n ( Ap ths weeny (ayn 
ee > a |= 
(n + 1)\2€C 2 


For any tluid a so that vl aired we obtain 
xe 
fe -2£ (du or dr du_(26,)" p 


or 
4 du -&h vi r@dr we integrates to give 
(ze Sty nt por d+ C, , where C;, is a constant. 


The flvid sticks’to the pipe so that &=O at r=e 
_ from ri mn 


o - (8) a (ey 
fet ey 


(a) 


a 


u = tae) (A) 


* Mote: Since we are considerin ee odd integer valves for 


n we on use the fact that 
n 
(dz)"- de K>0 then $f =k" 
so thal 4 7 < 
(b) From part(a): 
nT (ae! (441) 
wr) = an oe)” oe () 0) 
let ¥ = U(r=o) , = in (0-F(2 
Note: For T= cil ah sh 4 2 <0 and Nan _ integer , to have 
T>0, wemust have od Thus, from E9.(2), V.>0 as it must. 


By dividing £9. (2) by Ee, (2) we obtain 
(con't) 


8-147 


This resvit is "plotted below for n=1,3,5, and7, with Ox 


(Be! 
An EXCEL program was vsed to do the calculations and plotting. 


n=1 n= 3 
r/(D/2) u/V, 
0 1 

0.05 0.998 
0.1 0.990 
0.15 0.978 
0.2 0.960 
0:25 0.938 
0.3 0.910 
0.35 0.878 
0.4 0.840 
0.45 0.798 
0.5 0.750 
0.55 0.698 
0.6 0.640 
0.65 0.578 
0.7 0.510 
O75 0.438 
0.8 0.360 
0.85 0.278 
0.9 0.190 
0.95 0.097 
1 0.000 


8.18 For laminar flow in a round pipe of di- 
ameter D. at what distance from the centerline 
is the actual velocity equal to the average ve- 
locity? 


For laminar flow 
Hm Vi leary | 


2 
Thos, if ux %= al -@£) | A a =o = 0,35¢D 


8-/6 


8.197 Water at 20 °C flows through a horizon- 
tal 1-mm-diameter tube to which are attached two 
pressure taps a distance 1 m apart. (a) What is 
the maximum pressure drop allowed if the flow or ria 


is to be laminar? (b) Assume the manufacturing (1) (2) 
tolerance on the tube diameter is D = 1.0 + 0.1 ee 
mm. Given this uncertainty in the tube diameter. a. f= /m ———=H 
what is the maximum pressure drop allowed if it = 6 m 
must be assured that the flow is laminar? From Table 8.2 cae % 
ft=4.00%10 + 
m 
a) Maximum ap corresponds to maximum V, or 
Re =a vd = 2100 2 
-6 Mm 
Thus. y= ZI@Y = 2100(1K10°5) _ 5 y9.m 
‘ D 107m wos 
For laminar flow 


_ 49 DT _ 324 hy _ 92 (1x6? a) (Im) (2.102) 
V= 3242 , Ap = D2 i oO a mame 
Thus (107m) 


Ap = 6.72x10° 


ya seer and Ap= eae eY. it follows that 


Ap = Ba Thus, the larger the diameter, the 
smaller the ap allowed to maintain laminar flow 
Thus, consider D= 1.) mm = L/x10%m, or 


_ 321x104 fey )(Im)(2100) (1x66) 
(1.1x}03m)? 


b) Since 


= S$.05 xjot 


8.20 Glycerin at 20 °C flows upward in a ver- 
tical 75-mm-diameter pipe with a centerline ve- 
locity of 1.0 m/s. Determine the head loss and 
pressure drop in a 10-m length of the pipe. 


—— 
P= /260 ms 
he150 43 
For laminar flow in a pipe, 
V= average velocity = Vyqx <£ (12) =0.52 y) 
Thus, k 
12.60 74)(0.5°2) (0.075 
Re = SYP =! “Ae SHO07E m) 3152200 
ae 


The flow is laminar .s0 that 


= Cer, where @=90° 


Thus, re (nso) a 
[SO == Los 
Ap = ae + of = 22 OE ee ess) + (9.81 '54)(12.6024) (10m) 
= 1.66 x10° , Afp = /66 kPa 
Alse 


: 2 Vee 
Bi +2, +d = & +Z2 +g +h, 50 with yl, , 22-2, =h and 
f) =f. tAp this gives 


y 1.66K10° ™m 
h=“€ -2 = Geimyizea te) aia ERE 


Ss 


g- [8 


$.21 Determine the magnitude of the velocity gradient at points 
10, 20, and 30 mm from the pipe wail for the flow in Problem 
8.20. 


For laminar flow in a round pipe 
urr= ly] 


or Pe 
Sh = -2y, (4F)(5)=- Ser 
Thus, D=0,075m 
du _ -e(IZ)r 
F 


=~/422r £, where rem 
D 
= 


-r =0,0375-Pr 


Y¥;m 


* 8.20 Glycerin at 20 °C flows upward in a vertical 75-mm-diameter 
pipe with a centerline velocity of 1.0 m/s. Determine the head loss 
and pressure drop in a 10-m length of the pipe. 


¥-/9 


8.22 A large artery in a person's body can be approximated by a 
tube of diameter 9 mm and length 0.35 m. Also assume that blood 
has a viscosity of approximately 4 x 10-° N : s/m?, a specific gray- 
ity of 1.0, and that the pressure at the beginning of the artery is equiv- 
alent to 120 mm Hg. If the flow were steady {it is not) with V = 
0.2 m/s, determine the pressure at the end of the artery if it is ori- 
ented (a) vertically up (flow up) or (b) horizontal. 


¥=0.2£ 


Berths, = Oeste szn sfEE, where Uelee¥ 
and 
f= by = /33 ay (0./20m) = 15.96 Hf 
Also, Re= eye = (799. = “3 pocorn d= 450<2/00 Thus the 
a x10 7 Ws 
flow is laminar so that ig 


Of. 
5 = 0142 


Hence, from Eq.(1), fa= fy ~ 8 (2x-2))-F 4 zeVv* 


a)For flow vertically up, 2,-2,=£ so that 
Pi f -~Jb - ff ze V2 =/5.96 i - (9.91x10°4)(0.35m) 


=- 0.35m yt k m 
0.172 Oocam (£)(999 7h)(0.22) 


or 
f= 15.96 4M - 3.43% ~ 0,08 = 12.42 hPa 


b) For horizontal flow 2,=Z2 so that 
= kN 035m k 2 
J~ fy ='S: 5a - O12 Nae (x)(999-3 (0.24) 
= 15.9648 - o.no 4 = 15.85 kf 


Note the gravitational effects are considerably more important than 
viscous effects (3.43 kPa compared to OllokPs). 


50 


8.23 At time ¢ = 0 the level of water in tank A shown in Fig. P8.23 
is 2 ft above that in tank B. Plot the elevation of the water in tank A 
as a function of time until the free surfaces in both tanks are at the 
same elevation. Asstme quasisteady conditions—that is, tie steady 
pipe flow equations are assumed valid at any time, even though the 
flowrate does change (slowly) in time. Neglect minor losses. Note: 
Verify and use the fact that the flow is laminar. 


2ftatr=0 


0.1-in. diameter, galvanized iron 
B@FIGURE P8.23 


Air Lrg = Be +z. by , where f= fa=0 and Y= apy 


At <0, 22*0 and %=),=2ft Teel i be 
Because the tanks are the same diameter 
A,=42 and with 22=A2 , 2,=hy~A2 


we obtain Z\" =h,-Z, Thus, Ep. “A We 

=Z2 f4¥ - or 22,-hy =f£e 5 ; (2) 
fe A, (- get) = Q= DV, where A= BO with 2, =34 = tank diameter 
Thus, Vx -(3y dz, (3) 
The maximum Re = 2 eyo occurs when the head, 2-2, is greatest. 
From Eq.(2) (with Z=ho iP ho= 5 Yaw Vinax 
Assume laminar flow so thal $f ss ib se (4) 


Thus, from Eg. (#) 


= file ee oe 246 Boas OD ho _ (62.44%) 2 Fi) (2.41) 
hy= tif, a ap - ¥ 4, ,Or Vegi 324l~ 32 (2,.34K0 S)(asfl) 


ft 
Or. 1.94 SED (0.462 = 0,462.4 
R Cmax a 2. ere e (feH) = 3/ 9<2/00 The Sw remains laminar. 


Thus, Egs.(2)and (# give 
22,-h,= oe D $x - Sanpy or by using £9.03) 
22;-hy= -(2) Fo 
let Fe = z,- fe so that gf = di and E¢.(5) becomes 


BY * -( Yee 7 & ar 


(cont) 


g-al 


(con't) | 
or a4F +F=0, where X= eat (De? 


Thus, = 
: a ( 4 = - {at or ax In Fe-¢ + C where © =constant 
Hence, 


F=ce™ Thol j is, Z,~ 22 = cet with the initial condition 


z= No ‘when £20 ,or C= be 
Thos gz fen he et) 


z= Bef ret] Note: As po, 2 —+ fe 
For the conditions given, hy= 2 and ais 
. 16(2.3¢4/6 z)(25#4) 3ft 
a “Cavan VE jn) 20 
Hence, 


t 
Zz, = | t eo Garr) 


, where 2 ~ ft and t~s 


This result is plotted below. (Note: jia z,=/ ft) 


0.E+00 2.E+05 4.E+05 6.E+05 8.E+05 1.E+06 


t, seconds 
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8.24 A fluid flows through a horizontal 0.1-in.-diameter 
pipe. When the Reynolds number is 1500, the head loss over a 
20-ft length of the pipe is 6.4 ft. Determine the fluid velocity. 


y* ‘ 
b= th 29, where since Re=/500<2/00 the flow 
is laminar, 
Thus, f= 6¥/Re = 64/1500 = 0,0427 so that 


2 
Ch ae ine a Sr 
SOE OED eS ee ES 
or 
Ve 2o0F 


ee 


8.25 A viscous fluid flows in a 0.10-m-diameter pipe such that 
its velocity measured 0.012 m away from the pipe wall is 
0.8 m/s, If the flow is laminar, determine the centerline veloc- 
ity and the flowrate. 


For laminar flow in a pipe 


u(r)= AL -(2£)"| , where D=9.!m and U=0.82 of 


Thys r= 21" — 6, 012m = 0.038m 
; 2 (0.038m) \" 

0.0.2 <V.[I- Ae) on Y= 1.89% 

so that 


* 7 3 
Q = EDV = ED’ (osk)= Elo.imy (0.5)(1.89-2) = 7.42x10 °F 
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8.2 G Oil flows through the horizontal pipe 
shown in Fig. P8.20 under laminar conditions. All 
sections are the same diameter except one. Which 
section of the pipe (A, B, C, D, or E) is slightly 
smaller diameter than the others? Explain. 


(s) 
(6) 
(7) 
(a) 


20 foot 
sections 


FIGURE P8.2G 


4 
For laminar flow in a horizontal pipe Q=s 2, where 


Q, = Qe = Qe=Qp = Qe . Thus a ~ mo The smallest 


diameter pipe has the largest “§, where ap= oh h | 


fel a= Pe ) Cae a eee , ete. _ —v ¢ 
Hence, from the data in the figure for the section between (1) and (2): 
s Ib 
5a+sb=t SS! here a andb~ #2 and eB a) 
Similarly, from (2) tol3) 
(Shs foce Fae (2) 


3 


from (3) to(¥) (46-39) 
loct+6d=f—7z, 
and from (4) tos), — 
l4d+15e = oS (#) 
Eqs. (1) through (4) can be written as 
atb = 0,06676 
Lshbt+tc = 0. 0833 From the problem statement, 4 pipes Ore 


C +06d=0. 05825 the same diameter, one ts smaller diameter: 
d+1o7/e@ =0.077¢0 Thus, 4 of the 5 variables (a,b,c, d,e) should 
be equal, one Jarger than the others. 


Assume a>b=c=d-e From E¢.l6) 1Sb+b= 0.00338 op b=0.03338 
but from Eq. (7), b +0.6b =0.0583Y op b= 0.03644 
which ts not the same as that from Eq.c4). 


Assuming b> a=¢=d=e, or c>azb=d=€, or e>a=b=c=d lead to 

similar ‘inconséstencies. However, if we assume d>4=b=Cz€ we obtain 

from Eq (5): ax 0. 03338; from £9.(6): the same valve of a; from EQ, (7): 
d = 0.04178 ; the same valve of d from Eq. (8). 


(con't) 
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Thus, a=bhec =e and d>a. Thatis, the small pipe is pipe D. 
Note * This result can also be obtained as follows. From the 
given data the pressure gradient (average) between piezometer 


tube locations is as shown below. 
= 6O4OR: = ouoo ht. 


10 
dh - 
ax = 0.400 


dh = 0.438 


Given that all section have the same diameter excep! for one, 
it follows (based on the ditterent 44 valves) that the diameter of 
section Dis less than that of the others. 


8.7 Asphalt at 120 °F, considered to be a 
Newtonian fluid with a viscosity 80,000 times that 
of water and a specific gravity of 1.09, flows through 
a pipe of diameter 2.0 in. If the pressure gradient 
is 1.6 psi/ft determine the flowrate assuming the 
pipe is (a) horizontal; (b) vertical with flow up. 


Tf the flow is laminar, then Q ae 


where &=S6 My = .09(62.41,) = 68.0 


and 5 1b's Ib-s 


Ve G0, 000 by, 9 = Bx/0* (1.16#x/0 ff? ) =0.93/ Wye 
a) For horizontal flow, 9=0 

Thus, from &q.l1) 

Q ee we (hexiun thy (Bi) 7 aioe 

129 (0.93/ Ba) (IF) - - 

b) For vertical flow up, 6-90 

Thus, from E90) : . 

Gs rr (4.6 X/4Y te - 6a (tt) )(4#) = gancig ae 

~  128(0.931 ae) (1 fH) grt: ee 


‘Note: We must check to see if ou assumption of laminar flow is correct. 


Since V= 4 = see = 0.2/5 if tt Follows that 
4 (#) | 


Re= OYD . Lovlis Hvorus\(&) _ » ogn<2i00 


“Ss 


The flow is laminar. 
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%.28 
10~* m?/s flows through the vertical pipe shown in Fig. P8.28 
at arate of 4 x 107‘ m>/s. Determine the manometer reading, 
h. 


Oil of SG = 0.87 and akinematic viscosity vy = 2.2 X 


4] 24 
FIGURE P8.23 


m3 
= 1.27 2 =e SO that 


(1.272) (0.02m) 
Re = ee = SPs ~“paxore = 115 < 21/00 


The flow is laminar with 
_ 7lapt xhyo* en oe DOPE 

Qs al 3 PP far oe u) 

Hence, with U= $6 Uy, = 0.87(4.81 4K) = 8.53 2% kN and 


B= U0 = S60) = (22x10 2) (0,87X1000 74) =0./9/ = 


Fa, (1) gives 


A a 3 
126 (0.191 GE) (4m) 4x10") 
i died 7 (0.020m)* 


Wap= haath = = 43.7 kil 199 


-(8.53 #&)(4m)(10"fR) 


From manometer considerations 

fp, t0h, -Inhteh, = fo , where Un = $G,ty0=13(48! M2 74 HE, 
favs, and h,=h- hts, or hth = hth 

fifo = Ap 2S (hath) +o, h =(8,-Oh- FL (3) 
coon: (2)and (2) to give 

43,7 Ae ws = (12.74-8. 53) 44 Ym. Sa kM (4m) 


or 
h= 18.5 m 
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8.29 Determine the manometer reading, h, for Problem 8.28 
if the flow is up rather than down the pipe. Note: The manometer 
reading will be reversed. 
L o4m 


FIGURE P8.29 


4m 
x/0 
y=8 <p ee i78 so that 


7 VD _ vb _ (4278)(0.02m) _ 
Re i TT ~2ax0t ez = 115 <2/00 


The flow ts laminor with 
Q = ep BU" or Af =f, -fa= seus aah 


Hence, with Y= 86 dio = 0.87(28! me Eye 8.52 ™ and 
[b= VP=Y SG Cyz0 = = (2.2x/0* 2”)(0,87\ 100042, 4) =0./91 —3 


F¢.t) gives 


3 


N-S + Mn 
i = 20 (oust at Ntmyene +(6,53 44) (4m)(10%q) 


Ap = = 11gxjord = 111.9 4M 


From manometer considerations 
£14 + bn h=Uha =f, where Yn = Sy Yyyo = 1310.81 4G )=/2. 74 EM 
and hy =Lth-h, or hath =Lth 
Thus, 
pr-f2~= p= 8lhath )~Yigh = —Ciy- 8h 128 
Combine Eas. (2) and (3) to give 


) ae = —(12.74- 8.53) K§ Eh +8. 53 4A “ (¥m) 
or 


h= -18.5m i 


Note: Since h<O the manometer is displaced 
in the direction opposite that shown in the w. 
original figure. 
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8.30 A liquid with SG = 0.96, 4 = 9.2 x 10-4N - s/m’, and va- | 
por pressure p, = 1.2 X 10* N/m*(abs) i is drawn into the syringe 

as is indicated in Fig. P8.30. What is the maximum flowrate if cav- 
itation is not to occur in the syringe? 


10-mm-diameter 


0.12 m 
0.25-mm-diameter 
0.10-m-long eedle 


Patm= 101 kPa (abs) 


BFIGURE P8.30 
2 2 
ait ‘a fete +2s +B 12 Kae , where fy=lorkfa, 2,=0, 


y=0 ie = 0.12m, The maximum flowrate will occur when po, is 
the fair ite allowed ‘ft = fly = =. 2x107 Nv 


Thos, Vi 
GI = t+ 4 a +22 e (FS +h, henfienee Keds 29 9 (1) 


where. Y= VA E (2 DB Ys v( o25am\" = 0.000628 V Thus, V0 
and Eg. (1) joa 


(Jolxid~1.2 x10") Be 
0.96 (9.80x10°LL,) 
or 
122 =(267f+I)V" 


Assume (because of the small diameter) that the flow is larainar. 
Thus, f= $8 = Si 


64 ne ae one 
” 098(999:3,) Vo. aS 


Pie. from: Eo. (2) 


122 = (267 OHO IY? or 122V2(65.74V)V" 
Thus, 


2 


= 0.12m + ({( PtP) + 08+!) s7 ee By 


0.25 xi Fm m 


(2) 


V7 465.7 V-122 =O , which has solvtions 
~65.729 65.71 
Vx SR ENE Hiss) = Laid or 767252 (neglect the V<o 


roo 
Hence, 
Q=AY= E(0.25x165m) (1.8/2) = 9.88x/0_ a 
}—-——__—~—_--_____________} 
Check if laminar flow’ 
Vd _ 0.96(9995%) (1.9) 2) (0.25 x10 3m 
Re = md = = =4¥72<2100 (laminar) 
-¥ Nes 
9.2x1/0 us 
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8.32 For oil (SG = 0.86, 2 = 0.025 Ns/m?) flow of 0.3 m’/s 
through a round pipe with diameter of 500 mm, determine the 
Reynolds number. Is the flow laminar or turbulent? 


ale. = Soptzo = O86 
feis = 0.86 (Pize) = 0.86 (999) ie O59 4,2 
V= Of = oY. (0.5) =/.53 %s5 


O.0as 


Based on the criterion that He< 2/00 
Pepresents laminar Flow, this Flow 
1S turbulent. 
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8.33 For air at a pressure of 200 kPa (abs) and temperature of 
15 °C,determine the maximum laminar volume flowrate for flow 
through a 2.0-cm-diameter tube. 


For laminar flow, the maximum fre value (S B/00 


To determine. air density, make use of ical Gr law 


P=p AT of aa FAT 


ay BODO? | 
P?Cateaaeee) 7 212 ms 


Viscosity has little variabon with pressure , So it is 
Peasovkda to assume the use of the stab value 
for ait, fel. 79x 1075 


_ 2100 (1.79105) / 
V= (ava) (0.02) oe 


Maxi mum lamracr Vv dlume flowrate 


oe VA = (0.78) (20 o.0ay) 
Q= 24xlo4 "74s 
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8.34 Show that the power law approximation 
for the velocity profile in turbulent pipe flow (Eq. 
8.31) cannot be accurate at the centerline or at 
the pipe wall because the velocity gradients at 
these locations are not correct. Explain. 


or - Me, but by symmetry it most 
r= 


(2) e zero, 
=~ Me 1-i] : mee since (L2)<o for n>/ 
Physically, the velocity gradient must be finie. 
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8.35 As shown in Video V89 and Fig. P8.35 the velocity 
profile for laminar flow in a pipe is quite different from that for 
turbulent flow. With laminar flow the velocity profile is para- 
bolic; with turbulent flow at Re = 10,000 the velocity profile 
can be approximated by the power-law profile shown in the fig- 
ure. (a) For laminar flow, determine at what radial loaction you & 
would place a Pitot tube if it is to measure the average veloc- 

ity in the pipe. (b) Repeat part (a) for turbulent flow with 
Re = 10,000. 


Turbulent with Re = 10,000 
pin = FIWS 
A =| Rl 


1.0 


Laminar with Re < 2100 
0.5 


m FIGURE P8.35 

For laminar or turbulent flow, 
Q=AVeTR “V = (udA = -(ularrde) «am urdr 

a) Laminar flow: ae 2 
ray «ark Yd ary R- £] =72¥ 
Thus, V=aV\, For u=Ve i the eqvation for % 9 /ves 
ee [= (EY , Or (z) ye? Thus, r= 7z R= 0.207R 

b) Turbulent flow p I 7 
mary = amv, (r[i-£] “de = 27 RV. ()[I- R)] d(&) 

0 ) 


Let y=#l-(&) so that (£) =I-y and df) = -dy 
Thos, y=0 le Woks 
TREY = 2k, ae yy *(-dy) = 2m RV, AC -y )dy 


= 27? V.[£- ££] = 278k (%) 


or = ee Vy. For u=Ve= Be the equation for % GIVES 
Ys 
io 
$= 8 <[)-FI* on = 0.780 seth r= 9220R 


aa 


8.36 The kinetic energy coefficient, a, is de- 
fined in Eq. 5.86. Showthat its value for a power- 
law turbulent velocity profile (Eq. 8.31) is given 
by a = (a + 1) (20 + 1P/[4ni(n + 3)(2n + 3)). 


eee) 
re aad te Ae where V= average velocity, A=77R? 
*\ 


digs Webbe £y". From Example 8.4, Y= anGay J 
Thus, with dA=27r dr n+!)(antl 


X= see where Si diz ani -£]" “rdr =20R ¥, ([r-yf ydy 
where ae yao (1 
Let x=/ fee that yet x es dy=-dx 


Hence, So -yy” y dy =f -x) dx fe 


Thus, , 


fir yy dy Fre 


From Eqs. (0), (1), and @): 


oe 27 R* ye (EVEGED = (ntly (2ne1y 
ma*y. 2Nn* Ve i ~~  n* 1303) 


(nti) (2nt1) 


= 


P34 


8.33 
smooth 8-in.-diameter pipe if the Reynolds number is 25,000. 


Determine the thickness of the viscous sublayer in a 


ds = st ; ete -(4 ey and ww i Since Aff = -f4 tov* 
we obtain 7, =f a u* =F V 


Thus, 
- SY 5D | go SD z 
Ss 5 f / 
VEv Evo’ Res 


From Fig. 8.20, for a smooth pipe with Re=2.5x10% §= 0,024 
Thus, from Et /) 
518 Br 
= ~= 0,00243 
ds 2,5x10* fo O24 0.00243 H 
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8.39 Water at 60 °F flows through a 6-in.-di- 
ameter pipe with an average velocity of 15 ft/s. 
Approximately what is the height of the largest 
roughness element allowed if this pipe is to be 
classified as smooth? 


Let h- roughness height. Thus, h=d,, where fs =4 


with uw “(5 4 and 7 = Dae Since ap = f£ tev? we obiain 


‘= ee or U talE V 
For a smooth pipe with Re= ) = - ee =6./9X/0" we obtain 
from Fig. 6.20 rages 


Thos, y +. (0.9128)4 (is #) = 0,593 4 


or Oo" 
(= = 5% = Soe #) = /oaxio * ff 
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8.41 A person with no experience in fluid mechanics wants to esti- 
mate the friction factor for 1-in.-diameter galvaaized iron pipe at a 
Reynolds number of 8,000. They stumble across the simple equation 
of f = 64/Re and use this to calculate the friction factor. Explain the 
problem with this approach and estimate their error. 


For fe = 800D wider standard Conditions, the 
pipe Flow will be -furbulent. 


f- laminol 


fre Ure = “Yy000 ~ 5x /0-7 


f- turbulent 


for galvinized tron Pi PEs £=0.0005 ft 
So, Vp = es) 1 = 6x /0~F 


Making use of the Moody Chart 

Fe 0.04 

The error 1S iA usin the lamivoat Cguahion 
to Calculase the. Irichen factor hen the 

f low js turbuleat. 


Factual % ee = of . S 


= 


ik a 00 
Tania laminar lid 


That is, the friction factor is 5 time greater 
than if the flow were lamar. 
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8.42 Water flows through a horizontal plastic pipe with a diameter 


of 0.2 m at a velocity of 10 cm/s. Determine the pressure drop per 
meter of pipe using the Moody chart 


The pressure drop in the pipe Can be found 


AP =f § AE 
The friction factor is determned from the 
Moody Chart. 

fe > PfD- - (%9)\(0.1) (0.8) 2/8 x1b4 


je xse-> 

For plastic Pipe, Z20.0mm 
xp = O.0f > =0.0 
From the Mocdy Chart 
f= 0.026 
So AP per meter (= 1) 

* La yeu 
AP (0.026)(pra)[ PAN | 


AP = 0.649 Po per meter 
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8.43 For Problem 8.42, calculate the power lost to the friction per 
meter of pipe. 


AP =0.649Pa per meter of pipe, V=0,/m/s, D=0.2m 
Based on Gouahons in Ch.S, Power 

Can be Found From 

F=(APIA ; 

Q=VA =(0.1) (2 (o.a)*) = 3.14 x10-° ms 
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8.44 Oil (SG = 0.9), with a kinematic viscosity of 0.007 ft/s, flows 
in a 3-in.-diameter pipe at 0.01 ft/s. Detemmine the head loss per unit 
length of this flow. 


h=f£L where A= te . 
for per unit length of pipe, 
Determine friction foctor based on Be ¢ ip 
Q=0.0| *%4 = VA 
0. noi 
- VD. 0.20/%). . 7, /¥ 
Za O. 007 
Sincee He. 18: helen’ ZIOO, e4e Flow #6 laminar 
The fric hon factor Can be devermirnec) from 


Z b4/p, = CH iy = 9%b 


/ z 
h, = (Eb) Gar = L022 tt | 
re Ft of pipe 
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8.45 Water flows through a 6-in.-diameter horizontal pipe at a rate 
of 2.0 cfs and a pressure drop of 4.2 psi per 100 ft of pipe. Deter- 
mine the friction factor. 


For a herizontal pipe AP = AopV, 
Where V= Gs a.oft% ee 10.2 *% 


7 (RA) 


Thus, 


apap. __Aalfallianing) _ 
= VE (9428) (100 ke) lI0. 24)" E0300 


B-4/] 


8.46 Water flows downward through a verti- 
cal 10-mm-diameter galvanized iron pipe with an 
average velocity of 5.0 m/s and exits as a free jet. 
There is a small hole in the pipe 4 m above the 
outlet. Will water leak out of the pipe through 
this hole, or will air enter into the pipe through 
the hole? Repeat the problem if the average ve- 
locity is 0.5 m/s. 


2 2 
Ari M sz, = re Bim thy, where ff2=9, 2270, 
z,=4m,4=V2e=V. Ths, 

2 
# = ‘Ex “ZZ, ,0r f= ft teVv*-J2 With E from Table 8.) “ 
E_ 0.1 5mm ; 5 30.01 
D=somm = 0.08. — so that with Re= VP ee 
we oblain f= 0.045 (see Fig. 8.20). 


Thus, from Ea. (/) 
f= 0.045 Tm ) 4. (494 b)(520) -9800%% (4m) = 1,86 x105 4, 


= 4 HExi0r 


Since ,>0, water will leak out of the pise when V=52 


If V=0.52 then Re= 446xI0 and f=0.052 
Thus, from Fo.t1) 


f= 0.052(547,)4(9998 L (0.52) - 98002 3 (4m)= - 2. 66x10", 
Since ,<°, air will eater the pipe when V=0.5 


Note: The above conclusion is valid regardless of the length, £. 
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8.47 Air at standard conditions flows through an 8-in.- 
diameter, 14.6 ft-long, straight duct with the velocity versus 
pressure drop data indicated in the following table. Determine 
the average friction factor over this range of data. 


V (ft/min) Ap (in, water) 


39 50 0.35 
3730 0.32 
3610 0.30 
3430 0.27 
3280 0.24 
3000 0.20 
2700 0.16 


2 y2 
Bs Mise, = Berke ita where Y=K=V, Ap ff) “pz, 2722 
— pb » niet _ 2apD = 
Thos, Ap=fszev of f= 2h where AD = doh 


r 
¢- 2 (Aft)(62.4#s) (2A) . = 2/8 x/05-Ps , Where h~ in. of water, 
—) 7 as\ (in ce) VE) e 
(0.00238 S18) (14.64) (<#) Ve ft 


Calculated valves are given below: 


V, f¥Umin —h, in. water f 
3950 0.35 0.0161 
3730 0.32 0.0165 
3610 0.30 0.0165 
ccs sl es The average valve of f is 
3000 0.20 0.0160 
2700 0.16 0.0158 f = 0.0/62 
Averagef= 0.0162 ve = 
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8..4Q Water flows through a horizontal 60-mm- 


Sesh D=0.06m 
diameter galvanized iron pipe at a rate of 0.02 
m?/s. If the pressure drop is 135 kPa per 10 m of 
pipe, do you think this pipe is (a) a new pipe, (b) a VE lo ” (2) 
an old pipe with a somewhat increased roughness ee 

due to aging, or (c) a very old pipe that is partially fr “fr. =/35 kPa 

clogged by deposits? Justify your answer. 


For the horizontal pipe (2 =22) with Vi=V2 the energy equation 
é ny Vas sy 
host +2, = fe Mier tZ2tf5 %5 reduces to Pfr = rZ sev 


or 3 WV lom 2 
135Xx/0 mn? = 1 0.06m £ (9993) (2072), or f= 0.032.¥ 


0.02. 
where we have used V= £ ee = 7 


With Re=¥2 (7.07 &)(0.06 m) 5 € — 0.15 mm 
=. = ee = .79 10 = . 


for a new galvanized iron pipe (see Table 8.1) the friction factor 
should be (see Fig. 8.20) f=0.0255. Since this is less than the 
actval valve f= 0.032%, the pipe is nol a new pipe. 


With Re = 3.79K/0° and f= 0.0324 we obtain from Fig. 8.20 a 
relative rovghness of = 0.006. This is approximately twice 


the rovghness of anew pipe —certaialy guite possible. A very 
old partially clogged pipe wovld have considerably greater head 


=2.5x/0? 


loss. Thus, the pipe is an old pipe with somewhat increased roughness. 
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8.41 Water flows at a rate of 10 gallons per minute in a 
new horizontal 0.75-in.-diameter galvanized iron pipe. Deter- 
mine the pressure gradient, Ap/@, along the pipe. 


Q= jo 22! fee) ( 23tie )( /gal_ 


1 
min 605 /ga ] 


pins) = 0.0223 © 
Cd 
: 0.0223 £ 
V = Q a ns 727i 
A 0.75 c4\2 : s 
E (SE fH) 
Now, for a horizontal pipe 
2. ; 
4p = t$ zeV where since 


t (0,75 
Vd, z27t (22H) 4 
Re r ner = 3,76x/0 
Ss 


and 

it Potlove ‘a Fig. 8.20 that f= 0.037 

Thos, 
2 

t-4 gap fist sent) ee = sa ie if 
= 0.21 psi/ft 


g= 9s" 


8.50 Two equal length, horizontal pipes, one with a diameter of 
1 in., the other with a diameter of 2 in., are made of the same ma- 
terial and carry the same fluid at the same flow rate. Which pipe 
produces the larger head loss? Justify your answer. 


For either pipe h,= $x _ where V=Q/A = Q/(2 0’), 
Thus, “ . 

h,= ¢4 [40/1 0*)] Ag = Saf & a’ 
or F 

eae : 

Let (), and(), denote the |in. and 2in. diameter pipes, respectively. 
Thos, with Q, =, and dhe ; Ea. (1) qives 

hes | (L/D) _ ff da [f(a 

fen eos (ENS) = (AGO) 
or 

hy fi 
Fee 32(4) | 

Although f,#f, (because Re, # Rez and €/D, #E/D2) the 
ratio {)/f2 would not be signiticantly different than 1, 
especially compared to the factor of 32 in £9. (2), For example, 
assume Re, = 12,000 and €/), = 0.00; sothat f=0.0a3 (see Fig, 8.20), 
Thus, since 

Re= VD/v =(Q/£0*) Dy < oy fb It follows that if Re, =/0 000 
then Re, = 5,999 and €/), = 0.0005 if EX), =0.00/. Hence, 
f, = 0.037.580 that h,, /hyg = 32 (0.033/0.937) = 28,5 >>I, 
Similar results would be trve for clher Re, E/D valves. 


Thus, hy, JI = 32 (f,/4,) 71, The smaller pipe has the 
larger head loss. 


(2) 
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8.52 Blood (assume # = 4.5 x 1075 Ib-s/ft?, 
SG = 1.0) flows through an artery in the neck of 
a giraffe from its heart to its head at a rate of 
2.5 x 10-* ft?/s. Assume the length is 10 ft and 
the diameter is 0.20 in. If the pressure at the 
beginning of the artery (outlet of the heart) is 
equivalent to 0.70 ft Hg, determine the pressure 
at the end of the artery when the head is (a) 8 ft 
above the heart, or (b) 6 ft below the heart. As- 
sume steady flow. How much of this pressure 
difference is due to elevation effects, and how 
much is due to frictional effects? 


A Mrz, = Gt Brett gy $x , where Vi=Va=V 


# Thos, Re = 22? or 


slogs 
Re = = rs me 823 Hence, the flow is laminar with 
fa 


-§f = f= 0.0778 
Also, pf, =4yh =(847 1%) (0.708) = 593 # 
Hence, from E9.0/) 
P= fy, - -o(2, 2) = ff 
a) With 22 = Bff , 


f= 593 ~(62.# 18,) (8H) - 0.0778 (235) ay (ED SE (Lys ty 


ct ie 
Note :-499 1 pi vs due to octn - 59.5 1s dve to friction. 
b) With -o =-6ft, 


fa = =593 2 b (62.4%, b )(-6fl) - 0.0778 (224 fry EX 194 slas)/ Lge tL)? 


“ae 2 1b - 59s th lb = 3%,5 1b 


= 59316 97% fe -s25 i = 908 1b 


HF 


Note: 374 9% is due to elevation, ~ 59.5 is due to friction, 


&-¥7 
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8.53 A 40-m-long, 12-mm-diameter pipe with a friction factor of 
0.020 is used to siphon 30 °C water from a tank as shown in Fig. 
P8.53. Determine the maximum value of k allowed if there is to be 
no cavitation within the hose. Neglect minor losses. 


The minimum pressure is the vapor pressure fp), = 4243 kPa (abs) Table B.2), 
Assume the mininum pressure is at the top of the hose‘ fs =fy. We will 


check this assumption after we obtain h. 
Thos, 


Art tz, = 4s + +z tf$ 5x, where 44 =/0/k Fa(abs), Z,=3m, 
2,=7m, ,=9, ans and fig<%243kPalabs). Thus, with f=0.02 


(101~% 243) 4M ( iam y2 
Sl Ime +] +0.02 i 
4.77 os ae ee (Saar 012m ) 2(4.91£4) 


or 
V=2,.562 | 
Obtain h from . 
Aides = Bik a +2,4+fE e where p,-0, Vy=V 22.562 
£2,~ =f, and L=#0m. That /s, with f= f2=0 


aes 40m ae = 
3m=-h +(1 40.02 | ) ae) , Or h 9.6m 


Check if ey pressure occurs at (3). Consider aor (4), 


From fe + Ne Pe ray = fee tte with $= 0, aN 
we platy 


y= (Zz, _ fE tev? Tf we vse Z2,=0, then 

fram the figure! = ek 3 , L=hirBezy 

Thus, ht7 = 26. ‘9 
fay = 9.8044 (-24) +(0. olor eee Veg (a99 8ylo.senf 


or 
fy=(-9.80x10" + 6.1SK/0°)Zy¢ = -3650 2, 


Thus > ¥¥ decreases as Zy increases. That is " the mit nwm pressure 
ocwrs at section (2 as assumed. 
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8.54 Gasoline flows in a smooth pipe of 40- 
mm diameter at a rate of 0.001 m?/s. If it were 
possible to prevent turbulence from occurring, 
what would be the ratio of the head loss for the 
actual turbulent flow compared to that if it were 
laminar flow? 


Let ( ), denote the turbulent flav ria Cy the laminor flow, 


2 


Thos, he = hee and hy 45% 


where 


ich 
VeV-4=4 fOr 07952 
: a 2 (0.04m) a 


From a L6 p=6808% and y= 3.1/0 NS co that 
kg m 

Re = 2¥2 D  (680gs) (0.7968 &)(0. 04m) _ =6.98X/0" 
3./X/0 ar 


Hence, from Fig. 8.20, te a bsmealh pipe f= 0.0/92 
while for laminar flow h = & a 9. 16x10" * 


g 
Thos, ae ey 1) 6.98X/0 


0.0192 _ 
9/8 x10 7 
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8.55 A 3-ft-diameter duct is used to carry 
ventilating air into a vehicular tunnel at a rate of 
9000 ft?/min. Tests show that the pressure drop 
is 1.5 in. of water per 1500 ft of duct. What is the 
approximate size of the equivalent roughness of 
the surface of the duct? 


of +4, fe sf +22 HEX where 2/=22, 4=l, F and (i) 


Lh oa doh “(cz pops 5H) = 7.00f 
Also, y= Q 2 (2000pm)( Li = 2/2 Ht 
F (31H)? 

Thos, trom Eq.tl) “Pn = = f4 #pV* or 


. 2 0p; f) _ 203) (7280F%) : 
r CLV (2.38X10 SB Nis oott)(2,22F ‘ = 
From Fi 19, 8.20 with f=o. 0292 and Re= > VD - = eee = haste 


ft 157x/0 
we obtain 5 = 0.0044 TH. «_o oony (3H) = 0.0152 fH 


8.57 An optional method of stating minor losses from pipe com- 
ponents is to express the loss in terms of equivalent length; the 
head loss from the component is quoted as the length of straight pipe 
with the same diameter that would generate an equivalent loss. De- 
velop an equation for the equivalent length, &,,. 


Fic songs tA. Va 

hiwgee” Pie ‘72 

Lmajor 7 D 74 

The pipe feageh from the major {oss 


Can be usec to Peprestat the equivalent 
length, Leg. 


f ag "29 = Ky "bq 
f 4a > Ke 
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8.58 Given 90° threaded elbows used in conjunction with copper 
ph cate = of 0.75-in. diameter, convert the loss fora sin- 
gle elbow to equivalent length of copper pipe for wholly turbulent 
flow. 


2 hi D 
fog = = 


For 90° wveased elbow, Ki=/-5 


For copper Pipe (Srawa tubing), E=0,000008 ft 


Se 


€ _ 0.000005 _ BxXIO-* 
D 


(7a) 
From (Moody chart (wholly eurbuleat f lous) 


f= O.O1I15 


2 LE Ca) 8.15 At 


O.OHS 


8.59 Based on Problem 8.57, develop a graph to predict equiva- 
lent length, €,,, as a function of pipe diameter for a 45° threaded 
elbow connecting copper piping (drawn tubing) for wholly turbu- 
lent flow. 


~ K,d 
fog = 3 
For 15° Chreaded elbow, 4, 70.4 


For capper bubing (drasm bibing), E= 0.0015 ma 
To Calcu late J, use alternate form 


fx 8 ey |(# é/p \t-il r & 2] 


For whdly turbilrt Flow, assume Me 2 Bx107 
This is large enough Re to make f essentially independent 
of Re (see Mocdy chart, Fig, 8,20), 


f \_eq (mm) 
0.00005 0.010602 
0.012025 
0.015932 
0.019678 
0.028474 
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8.GOA regular 90° threaded elbow is used to connect two 
straight portions of 4-in.-diameter galvanized iron pipe. (a) If 
the flow is assumed to be wholly turbulent, determine the equiv- 
alent length of straight pipe for this elbow. (b) Does a pipe fit- 
ting such as this elbow have a significant or negligible effect 
on the flow? Explain. 


%, where from Table 8.2 K,=15 for a 90° 
threaded elbow. 


ee. where from Table 8.1 €=0.0005 ft fora 
galvanized iron pipe. Thus, with 
Ep = 0.0005 1/(¥/12)f} < 0.0015 and avery 
large Reynolds number (¢.e. wholly turbulent flow) 
it follows from Fig. 8.29 that f2 0.021. 


Thus 
: 2) tt 
bey = LE Ht _ o3.aff 


(6) In general = Keay * EBay = (K.4 F535 
hy p Eibea since Kz ¢ 


Thus, whether or not a pipe filling such as this elbow has a 
signiticant effect on the flow depends on the relative size ot 
Log (223.84 for this case)and the pipe lenght £. It Leg ec) 
then the fitting us negligible. 
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8.G\| To conserve water and energy. a “‘flow 
reducer” is installed in the shower head as shown 
in Fig. P8. 61 If the pressure at point (1) remains 
constant and all losses except for that in the ‘‘flow 
reducer” are neglected, determine the value of 
the loss coefficient (based on the velocity in the 
pipe) of the “flow reducer”’ if its presence is to 
reduce the flowrate by a factor of 2. Neglect grav- 
ity. 


Without the reducer Et +e +Z) = he 


Flow reducer washer 


50 holes of 
diameter 0.05 in. 


\ 
ia 


FIGURE P8. 6] 


2 
+B +z, where f= 0, 2\~22 


V= Be “ soraes pp #672 (Y (yY and \,,~ # iL ond q~#) 
Thus, fi = £e(%"- V7) = + 0(/467°Q* - 733Q* )=8. om PQ” Fea 


where ree BLS oom 


With the flow reducer the flowrate is reduced bya factor of two. 
Thus, V, = als 733Q) and Va= + (/¥67Q) with (2) 


Bis ~ & a or A= te(\4 +(K-/)\,*) (3) 


ee 


ree by combing Egs. (1), (2), and (3) we obtain 


a.o7nido@" = to] (4&Z@y + (k.- (BQ) | 


or 
K, = 9.00 
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8.62 Water flows at a rate of 0.040 m3/s in a 0.12-m- 
diameter pipe that contains a sudden contraction to a 0.06-m- 
diameter pipe. Determine the pressure drop across the contrac- 
tion section. How much of this pressure difference is due to 
losses and how much is due to kinetic energy changes? 


m? 
— = fn = - 0.04 


Thos, 4 “(2 Jf Bete) 0.2.5 we va from Fig. 8.30 


K,= 0. 40 
Hence, from Eq, C/) 


ae ff2 = 2 +e KV Mi? | = 2(999 410.40 (M41 BY + HE) -(8.549)) 


fy~fa= 24 710 Se + 93.0xj07% = 133 kPa 


This represents a 349.7 kPa drop from losses and a 73.0 kPa drop 
dve to an increase in kinetic energy. 


8.G4 (See “New hi-tech fountains,” Section 8.5.) The foun- 
tain shown in Fig. P8.G4 is designed to provide a stream of 
water that rises h = 10 tt toh = 20 ft above the nozzle exit in 
a periodic fashion. To do this the water from the pool enters a 
pump, passes through a pressure regulator that maintains a con- 
stant pressure ahead of the flow control valve. The valve is elec- 
tronically adjusted to provide the desired water height. With 
h = 10 ft the loss coefficient for the valve is K, = 50. Deter- 
mine the valve loss coefficient needed for h = 20 ft. All losses 
except for the flow control valve are negligible. The area of the 
pipe is 5 times the area of the exit nozzle. 


Pressure regulator 
BS FIGURE Ps, 614 


For any ae 


fiz, +35 ah = of tz. , where Z,-0 Z,= h+4# 0-0 
Thos, and h =e 


K, ve el 
Art Kf 
For het ie 20) 
fe ,- ah +h = (Jott +44) +(So-1) = if 


Also, from a to in 


Thus 

# =h opr V, = f2gh 

so for h<loft, V, =p Aen NT = 22 

Also, VA, = VA, so that y= = fy, = Ly26.48) = sop lt 
Hence, Eq. (2) gives 


# = JUtt 49 (5.08 #Y (2 (32.244) = 33,6ff 


For h = 2oft, he Eq, (3): Vy = (2032.2 (zo) = 33.9 ft 
Hence, V,= 2 =(3) \(asg fl) = 78H 


33.6 f4 +(218 2) 2132.2 He) - K, (2 Yl 2(32.2 f/s2) = 2444 
or 
Ki= 13.0 


ee 


fe iz,+ We Bias st oe where fn=fs-0, 22-23=h, and \e=0 


Since fis sae (independen! of h), ‘the valve i = 33.6 # obtained above for 
h=/oft is also valid for h=20ft. Thus, with 2 = htt! = 20ft AH = 24tt £o. Chis: 


(1) 


(2) 


(3) 


*8.65 Water flows from a large open tank through a sharp-edged 
entrance and into a galvaniaed iron pipe of length 100 m and di- (1) 


ameter 10 mm. The water exits the pipe as a free jet at a distance | D=0.010m 
h below the free surface of the tank. Plot a log—log graph of the h V , 
flowrate, Q, as a function of k for 0.1 s A Ss 10m. _— 

L =/00im. (2) 


B+ Meaz, = fs Wiz, +(f5+K lag , where 9.0, 420, 2,<h, 

20, Ve=V, and ee Thus, 

h= (I +f +K, 7 where from Fr9. 8.25 K=0.8 

Hence, 

h=(1+$ (gon tas) V—. are) or IZ.6h= (1.5+10,000f) V*, with @) 
hem, y~Z 

pee 3 = Ome = 0.015 (see Table 8.2) 


= VD _ (0.0lm)V 
eB v 12K10 or Re=8930V 


If the flow is laminar, then f= 4 (ce Re <2/00) 
If the ba is turbulent, then from Eg 8.356 


fz “L =-/, Bog) bil be 64] 


That f. as 
a =-/,5 dop| 4.050107 Ge | 


The dehtin h for laminar flow occurs when Re=2100, or tram Ee.(2) 
Ves 5735 20.2352 and f=za50 5550 = 0.0304, Thus, from £9.) 


1.5 +/0,000(0.03 352 
h= Be noe auseY Te 


Thos, for  < 0.86) m the flow is laminar. For h >0.861 assume flow 
is turbulent. 


For 0.1m sh< 10m solve Egs. (1) (2) and (3) or (4) depending if h<0.861m 
or h>0.861m to obtain V. Then 


Q= FOV = F(0.01m) V = 7.85x/0°Y where Vt e 


For laminar flow (i.e, <0.861m) Eqs. (1), (2), and (3) give 


Z 
bh = [is +10t SE ]V 


VA + #28V- 13.1h*0 which can be solved using the quadratic 
equation to give 


Y= -23.9 4] 57/ +13.) hy’ iy V>0 we can disregard the “ ‘rot. 
(Cont) 
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(Gon't 


Thus, Using ©. (5) 
2 1.95 0 fe03.9-+(571 HIKE] for O£hE 0. 8blu G) 


This equation was used ina MS Excel spraaheet dam 
hind Q as a function of bh Ar lamer (low. 


NOTE: The coefficients of E9. (6) must bE very presiely 
given because for small values of 2, (571 +/3%1h) * & - BI 


So tn the spradsheek 
Q = 7, 88x/0-5 [93.9895] t (F706 708? +13. o6eee7 h)# 


For hr 0.£blm, Eas. (1),2), aad (4) were Used fa the 
Sprendsh eet tO manually "Hare oA F Eqn (5) was used 


to frad Ath). 


Insert a guess value (e.g. f = 0.02) in the f(guess) cell. A new f value will be calculated 
in the f(new) cell. Use this new value as the updated f(guess). Continue until f(guess) = f(new). 


h,m_ f(guess) V, m/s Re f(new) Q, m43/s 
0.100 2.15E-06 
0.150 3.22E-06 
0.225 4.82E-06 
0.338 7.23E-06 
0.506 1.08E-05 
0.759 1.62E-05 
1.139 1.87E-01 1.47E-05 
1.709 2.35E-01 1.85E-05 
2.563 2.95E-01 2.32E-05 
3.844 3.69E-01 2.90E-05 
5.767 ; 4,.61E-01 3.62E-05 
8.650 : 5.73E-01 4.50E-05 

12.975 7.11E-01 5.58E-05 


FREE 2 a el =o 
H+ = 


8.66 Air flows through the mitered bend shown in Fig. P8.66 

at a rate of 5.0 cfs. To help straighten the flow after the bend, Tightly packed 0.25-in.-diameter, 
a set of 0.25-in.-diameter drinking straws is placed in the pipe Fe pen ereys 

as shown. Estimate the extra pressure drop between points (1) : 

and (2) caused by these straws. 


FIGURE P8.66 


The exira pressure drop, ap, is equal to the pressure drop throvgh the 
length of the straws mins the pressure drop in thal 12 in. length of the 
pipe withot the straws. That 1's 


sft 
Ap =f -Afns , where Afhs= fhtov? with y=£- ECE Hy =6.37# 


ft 
Also, fe= VD = - Sra = 4.06x/04% Tf we assume the pipe ts 


smooth, it an from a ig. 8.20 that f= 0.0215, Thus, 
Afhs = 0.0215 (JEM )(£)(2.28x10 58) (6. 37 BY = 1,04 x07 Bw) 


With the straws in place ) fez f £ tev? where the valves of f,D,andV 
and different than those used above. In general 
the flow geametry is quite complex — tlw throvgh the 
straws and flow in the gaps belween the straws. For 
simplicity, assume the -— act as acircular flow 
areo of diameter D, = & D= 2 (0.25in) 0.07380. 
Thus, in each 0.5 in 0.5in. Cross ane there 
are # siraus , or a total of N= 4 STeaa =] Flan} straw 
ce. N=/8/0 straws. 


FE the thee is temper ten OB sp tiat “ame -(: aotsein 0.0198 


nny 6 O25 

That is, otrly about a af. the flow i's in ie oe region — neglect this amant. 
Thus, V= eens a B/E 

Hence, Mi HOCE(GEE HY) : 


2.25 
Re= =VP - = (8.102) (S35 ft) =/070 < 21/00, fhe flow is laminar with 


* LS7xIO- “& 
es 20 
fz $f = sao 70 0598, ms Af = 9.0598(- 5:9 \e)e. 38x10 Pe DICT yo Hy 


 apy= 0.224 bp, Hence, when combined with i 7) 
Dp = Ap, ~Dfps = (0.224 -0. oie) B, = 0,223 0.223 fa 
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8.67 Repeat Problem 8.66 if the straws are replaced by a piece 
of porous foam rubber that has a loss coefficient equal to 5.4 


FIGURE P8.G7 


The extra pressure drop, ap, is equal tothe pressure drop throigh the 


length of foam rubber minus the pressure drop in that 12 in. length of the 
pipe withwt the foam. That is 


fj}? 
AP = Af -Afpt j where afnt = FE tov" with Y= g. EEA =6.37# 
¥ (75 
Also, fe= VO = oe ae #.06x/0" Tf we assume the pipe is 
smooth, jt Follows from Fig jg. 8.20 that f= 0.0215, Thus, 


Affyy = 0.0215 (2 M-\(4)(2, 30x10 HE )(6.37 BY = 1.04 x02 8, ¢y 


The pressure drop due to the foam is 
Af, = = K, xp y? 


= S4(F)(0. gorse SUgs )(4.37 2)" = 0,2618 - 
Thus, 


4b 
Af = Af, “BD Pnyt = 0.26! f{? -~ 0.0010 Fa a = = 0. 240 ! 0.260 
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8.67 As shown in Fig. P8.68, water flows from one tank 
to another through a short pipe whose length is n times the 
pipe diameter. Head losses occur in the pipe and at the en- 
trance and exit. (See Video V8.I0) Determine the maximum 
value of 1 if the major loss is to be no more than 10% of 
the minor loss and the friction factor is 0.02. 


BFIGURE P8G8 


Tf Pe ain 10%h, then 


minor 2 
2. 2 = K 
1 EE ig? Ross or =e (/) 
wniera Da, © Ny a teenie Tait =0.8+| =18 


Thus, with #=0.02 and L=nD £4,(1) becomes 
rt ee 


— 


D ~ $0 (062) 


or 
n=4 
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a Gauze over 
| end of pipe 

8.69 Air flows through the fine mesh gauze 

shown in Fig. P8.67 with an average velocity of 


1.50 m/s in the pipe. Determine the loss coeffi- 
cient for the gauze. 


2 2 2. 
Gre +2, = f+} +Z2 +h 3 , where 22%, Vi ==Vals2 
Thos, Kz —_ w where $2.=9 and , = 8mm water 
orf, =(8x10%m)( 980x109, ) = 78.4 H, 


Hence, 
- 2(784m) _ _ 25 


(.32)is2f == 
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8.70 Water flows steadily through the 0.75-in. diameter 

galvanized iron pipe system shown in Video V8J4and Fig. 

P8.79 at a rate of 0.020 cfs. Your boss suggests that friction 

losses in the straight pipe sections are negligible compared 

to losses in the threaded elbows and fittings of the system. 6 in. length 
Do you agree or disagree with your boss? Support your an- 

swer with appropriate calculations. 90° threaded 


elbows 0.60 in. dia, 


Reducer Q = 0.020 cfs 
1 in. length 


4 in. length 


Closed ball 
valve 


Major loss = rz re where 


b= (6+6+4+/)in =/7i0,, D= 0.7510, mw FIGURE P8.70 


0.02 £ ft 


ee ne eee 
£ (0.75/12) £4? itis 


with 


R = VD eer ae 3. xjo% d 


< = eet = baat (see Table 81) we obtain (see Fig. 8.20) 
f= 


phig = 0.03 ong HO NO. oes 2g (1) 


0.038 so that 
Also, P y 
Minor loss =J, 239 =[2 (1.5). oa +O, is\e = SIS sz ig (2) 


O.751Nn. #3 


‘ i 2 
90° elbow iiee reducer with fa = 26M. ) =0.6¥ 
f] 0.75 if. 


(see Fig, 8.26) 
Thos, from ale (1) and (2): a #19 


major loss 
minor loss 


Probably ba with boss because pipe triction js abovt 


17%, of other losses. 
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8.72 Given two rectangular ducts with equal cross-sectional area, 


but different aspect ratios (width/height) of 2 and 4, which will 
have the greater frictional losses? Explain your answer. 


The duct with the greaterlosses is, the one with the Jargest head/oss 
perlength , h. /L, where fy = fs Lv” Tf the areas are egal, then the 
velocities are equal since V< am. ee 


Let (). and ¢ ) denote ducts with aspect ratios of 2 and - respective) 


(hy = 42 IE and (i, /b d= Me , where k=l 
hy “F 2 2F 
Hence, 


(1, Dy [he Ba = FE / = ; Drs 
4 A 2. 


pea (1) 
2 Dty 
Let A,=(2a)a af] 
and 2a 
A, = (40) Gy (1% 
Thus, since A =Ay, ray 
2-447 or @ 
and ee ae “724 
es. = 44, /P, = 4.(242)/ ¥at2a] = =a =/,33a (2) 
Dy, = thy / ly = 4(20°)/ [ge a tf a] = ca EY (3) 
so that 
Dis . #a 5 
Din ca = ~ 32 = /,179 so that EQ, (1) becomes 


(h/D), [Uh [By = 1.179 # 


(4) 
Tn general, f=f(Re, =) in such a Way that if* D increases, f inoreases 


and if Re decregqses f increases, This k ks SeON from the Moody 
chart as indicaled below. 


(con't) 
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| ‘ 
7 P 4 aminar F oem 


(2) 8) 
E/Dhy 


(2) E/Dho 


Re, 
For a given €, (F), >( 7 } SINCE Dy Dy, (See Egs. (2) and(3)) 
Also since Rez Vd, /V it follows that 
Ren, < Rep, Since Dp, <by, ana A Vy. 
Thus whelher the flow is lamar on turbulent if foffows 
that f,>42. Ff follows from £9.(4) that 
(h, /b)y /(h Jb) >/ 
Thad is, the dved with the aspect ratio of 4 has the greater headless 


8.73  Airat standard temperature and pressure flows at a rate 
of 7.0 cfs through a horizontal, galvanized iron duct that has a 
rectangular cross-sectional shape of 12 in. by 6 in. Estimate the 
pressure drop per 200 ft of duct. 


ae a waenes duct ap= vh, = f peter ~ v-3 


= imine TE TE) =/4.0f and Re= 


= tA. (OSH) - fH 
P “(24nf slate 


Thus _ (4 044)(0.66748) 


= 5.95xi0" 
he Ls7xio te 


£ 2 2 000s ft 


Also, for galvanized iron E= 0.0005 ft or = —o gery = 0.000750 


From Fig. 8.20 we obtain f= 0.0227 
Thus, from Eg, /) ee 2 =2004t, 


Ap = (0. 0227) ee 4 + (2.38xi03 SU4 ) (14 oft)” : =0.0/10 psi 
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8.74 Air flows through a rectangular galvanized iron duct 
of size 0.30 m by 0.15 m at a rate of 0.068 m?/s. Determine 
the head loss in 12 m of this duct. 


\ 
n=ths , where Dj = 2 = 4(2-3mMouism) - 0,2 m 


2[0.3m+0.15m ] 
ana 0.068 VD, _ 0.514) (0.2m) 
Pe h = LEIS) (0-2) ~ 90790 
V # (0.3m\(0./5m) — cs & Also, ha 1.46 xlo* 4 a 
and from Table 8.1, 
E _ oIsKo"m _7,5xj0* Hence, fram Fig. 8.20 f=0.027 
D 0.2m , 


Ya 
So that 


jam) SIE) _ 
h, = (0.027)(12%) 2(9.) 2) = 0./88m 


8.75  Airatstandard conditions flows through 
a horizontal 1 ft by 1.5 ft rectangular wooden duct 
at arate of 5000 ft?/min. Determine the head loss 
pressure drop, and power supplied by the fan to 
overcome the flow resistance in 500 ft of the duct. 


3 in 
as (so00l (Bos) _ ft 
a 4 (FNS sf) | 
and Se = arise) v5] 12% 
Also 


(1.2 #4 
- Gs = 425x/0 and from Table 8. 
LS7XIO 


Ex 0.0006 ft to 0.003 ft, Use an “average” E=0.0018 ff so that 
— _ 0.0018 ft _ 


. =A 0.0015 a from Fg, 8.20 f= 0.022, or 


h,= Co. 022)(et) ara afk isese = ¥¥0ff 


For this horizontal - 23 nee bp +B tz, th, , where 2,= 22 
and Vj=\2 . 


ae, f,~fa= Uy =(7. 65x10” te Ib, (uvof}) = 33.7 & Ip fa = 0.23 4P3i 
P=0Oh, = Q(f, “fa = = (cob (33.7 fy) an fib sro 


s (550 ft-lb 
x y 
or 


P= 5M hp 
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8.76 Assume a car’s exhaust system can be approximated as 
14 ft of 0.125-ft-diameter cast-iron pipe with the equivalent of 
six 90° flanged elbows and a muffler. (See Video V8.2) The 
muffler acts as a resistor with a loss coefficient of K, = 8.5. 
Determine the pressure at the beginning of the exhaust system 
if the flowrate is 0.10 cfs, the temperature is 250 °F, and the 
exhaust has the same properties as air. (Table 8.2) 


Mrz, = ae ii 1K, whine 2,722, f2= 9, 

ars Tasoe? 
tb in? 

p= (FE +2K, fev? where ps Fe = a nde g) =17ex10 SiMe 


716 Fb) (460+250)°R AY 
i f= 200088 ft 0.0068 (Table 8.1) sil 


so that with Re= « PYD . (1.70x0° HY 05 B) 0.125) =3770 we 


~7 Ibes 
x/0 
GTO” Sax 


= B./5 fi 


obtain from Fig, 8.20, f= 0.0¥7 
Hence, 


=( 0.047( 4) + 6 (0.3) + 8.5)(z) (I. 7#x0~ SMe) (9,45 4) 


= 0.899 2 
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8.77 The pressure at section (2) shown in Fig. P8.77 is not ~ 

to fall below 60 psi when the flowrate from the tank varies from j BISURY saz 
0 to 1.0 cfs and the branch line is shut off. Determine the mini- 

mum height, h, of the water tank under the assumption that (a) mi- 3 h All pipe is 6-in.-diameter plastic 
Nor losses are negligible, (b) minor losses are not negligible. i (e/D = 0), flanged fittings 


Ea 600 ft — 
with 15 900 ft 


90° elbows 
Arh +z, = #24 Wrz, +(f4 13K, 3G , where $,=9, Y=0, 2,=16 ftHth, 
and %72=0 Thus, with Vz 
(b+h= +¥ (th 12K )G . Mote: h mst be no less than that with 
Pamin= ©°PS! and 0 x = / cfs, or 
V,=V= 2 “2a = 5.09 #t 


B) 4( 1 « =K,) Gott 


or 


h= 122.5+( | +f (208A) + 57K, )(o.402) ft, where h~ft 


With $0 and Re = VD = fie) = 2 10x10” we obtain 


f=0.01S5 (see Fig, 8,20) 


a) Neglect minor losses (E'K,20): 
From Eg.) 
hf =1226+( | + (0.0155) (596th )) (0.402) 
Or p= 143 ft 


b) Include minor losses ' 

2 he = Keontrance t/2 a + Ke bee =0.5 +/§(0.3)+0.2=5.2 
(see Table 8:2, assume flanged 
fittings) 

Thus, from Eq. (0) bai 

h =122.5+(| +(0.0155)( 156th 1506th) 4 5.2) (0, 402) 


or 
h=146f 


Mote ‘For this case minor losses are not very important. 
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¢ FIGURE P8.77 
§.78 Repeat Problem 8.77 with the assumption that the 


branch line is open so that half of the flow from the tank goes ‘ 
into the branch, and half continues in the main line. All pipe is 6-in.-diameter plastic 
(e/D = Q), flanged fittings 


r a)_ Bienen line (pb) i 
600 ft 
For ine flow from (1) to (2) : er 900 ft— 
Bi thea = Mp iagite+(E, Kok )M +(GB atk) 
where ( ), and ( ), denote pipes a” and ‘4! as indicated in the figure. 
Thus, with f= =0, 4-0, ib aes i =O, hs fr= Ops, Also, 


er oe 2 eS 2 5 =2.552 Fe) becomes 
f # (af) 


(60 ie ae. fe aa (5.09) 
16+h= +(1 a) rs ) ie 
#it 
age (By aA ) ae oo" 
= =/22.5+(1 +f ($26#h) 12K, Xaver) +(1600k +2K,)(0.101), where h~tt (2) 


With $=0, Rep 4b = ST ae 2./0%/0°, and 


Re= VbDs =H Re, = 1.0510" we obtain f,=0.0155 adie 0.0/75 (Fig, 8.20) 


a) Neglect minor Josses (& Kiy=5 Ky = 0) : 


From Eq, (2) 
h =122:5 +(1+(0. ayss)(S26+h))(o, 402) +(1800(0.0175)(0./ 0/) 
or 


h= 125 ff 


b) Include minor losses : 


he pees =0.5 + /5(0.3)=5.0 (see Tab/e 8.2, assume 
flanged fittings ) 


From Eq, (2) 
h=122.5+(| +(0. o155)(*2524 44 5.0)(0.402) +(1800(0.0175) 40.2) (0./01) 


or 


h= 137ft 


Note‘ For this case minor losses are not very important, 
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8.79 The exhaust from your car’s engine flows through a com- 
plex pipe system as shown in Fig, P8.79 and Video V8.5. As- 
sume that the pressure drop through this system is Ap, when 
the engine is idling at 1000 rpm at a stop sign. Estimate the 
pressure drop (in terms of Ap,) with the engine at 3000 rpm 
when you are driving on the highway. List all the assumptions _ Exhaust header 

that you made to arrive at your answer. m@ FIGURE P8.74 


For steady flow, 
At +2, +h —h, = fe +2, + ts 


Assume 2, <2 and V<%e so thal with A =| ata 
and Ap= 4, -p, we aoiain 


apa th =setk)ag = LeVES +k) 
Hence, 


2 
AP ro00 = FC a om f +k) 
—_—_—— Yee ee ES 
Afio0e a Ci 000 Views ae 5? k,) 


Assyme Cone = Cove ana fies = —_ (ce. F independent of Re ) 


Thos, 
Afs000 =( V000 y ‘ Nick 
Affj000 1000 Re 


But V= & where Y is assumed proportional fo engine rpm. 
That i's Wsao =I Von So that 


Afswe _ (sy = g 


D fjo00 —— 
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8.80 According to fire regulations in a town, the pressure drop in 
a commercial steel horizontal pipe must not exceed 1.0 psi per 
150 ft of pipe for flowrates up to 500 gal/min. If the water tem- 
perature is above 50° F, can a 6-in-diameter pipe be used? 


Determine the pressure drop in a Sin. diameter pipe. 
St hz, = Arte #22 fh 
Thus yy 

fife = ae , where f -f(Re, ¥), 


~¥ 
From Table 8.1, € = 0.00015 so that 5 = ne = 3x0" 


The largest ,-f, will occur with the largest f, 

which bi aa the smallest Re, or lived v. } a ae 

Since the viscosity of waler Increaves a the fem perature 

decreaces, we consider the colgast cae — 7= 50°F : 

From Table 8, af 50°, o*=82.4/8/# and ¥=/. porns? 

Alco . : 4 

Vz Q _ (500 Bs (Lt) (231 gal en) a 
Nn 


) where 4 = qnd 2-22, 


(1) 


— = 5,674 
BSH) 
Thus 
vo (6672) (o12#) s 
ke = 4- = <t. = =2,0/x/0 
1.407%) 0> 1 
: Ss = : 
Hence with Re=2.01x10" and = =3x/0° we obtain from Fig, 8.20 
f= 0,018 


Therefore, from Eg,li) 


f; ~ ff e (1501) (5.67 ft) 
(b/ir-4h) ifn 2) = 2,70 ft 
so that . 


fi hy = (2 7044)(62.4.10,) 2 168 (i) =/ JF pst ex, ops: 
A in. diameter pipe requiresslighily more than the allowed 1. Ope perisoft, 


This, no, q 1m: pipe cannot be usec. The minimum diarneter can be 
shown to 66 D=0,513 Ft = 6.37. 
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8.8 


8.21 As shown in Video V8.)4and Fig. P8.2) water “bubbles 
up” 3 in, above the exit of the vertical pipe attached to three 
horizontal pipe segments, The total length of the 0.75-in.- 
diameter galvanized iron pipe between point (1) and the exit is 
21 in. Determine the pressure needed at point (1) to produce 
this flow. 


mw FIGURE P8. 2} 


fit ae =i - 2 ‘2 + Zo 


¥ 
where Z, =0, 279, Yyzo Thus, 
1 Baz th- where Y=VeV 
With no head Joss from (3) t0(2) and rz =p, = Vi=9 we obtain 


as +23 = 24, or V, = = 29 (Z2 -Z3) ewes, = 40 


Thus, ft ( 275 
Ds Ve 4.01 5 vil « 4 
Re = ota ae 2.07 KIO 
an 
o.000s ft | - 220 
£ = ean = 0.008 Le Table 8 I) , so that (see Fig. 8 ) 
12 
f= 0,039 


Also, h, = 4G has where 5, K, = 31-5) = = ¥S 
Hence, Eg. (1) becomes 


Heat Apheck]y - is where V,=V 


or : 

be EH +] 0,094 Faeig, HAS ee snes SURE 
= /,73 ff 

This, 


fi = (62.44, (1.73 #1) = 108 b, = 0.750 psi 
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Length ¢ 
8.32 Water at 10°C is pumped from a lake as shown in 2, 


Fig, P8.82, If the flowrate is 0.011 m?/s, what is the maximum — 

length inlet pipe, €, that can be used without cavitation i 

occurring? = Elevation 
; 653m 
FIGURE P38. 32 


F . a 
H+ +z, = Gti tes (f$+2kK)S where p,= 101k Pa 2,-650m 

O) 
V=0, W=V, 22= 653m, and from TableB.2 f= py= 1.228 kPa 


Also, V= $= oe = 2.86% so thal 


n 
Re = 42 = asa) re =/52x/0°, With this Re and from Table &.! with 


E_ 9.08mm _ . i A 
= Spee = 0.004 we obtain f= 0.0218 (see Fig. 8.20) 


Hence, with ZK, =0.8 for the entrance, £g,.U/) becomes 


3N m 
0) -/.228)x/0 96 
(10) o)xI0 ps +650m = 653m +( ] + (0.0216) (5) 10.9) 262). 


pax H, 2(4.81%) 


or 
L=50.0m 
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8.83 Water flows through the pipe system shown in Fig. P8.83 
at a fate of 0.30 ft'/s. The pipe diameter is 2 in., and its roughness 
is 0.002 in. The loss coefficient for each of the five filters is 6.0, 
and all other minor losses are negligible. Determine the power 


added to the water by the pump if the pressure immediately before 
the pump is to be the same as that immediately after the last filter. 
The length of the pipe between these two locations is 80 ft. 


IGURE P8.83 


a the eneryy eqaenon i 
hp = A, = S$ +k.) ) 04 
Q=VA, Va OFAt(y,)*) =/9.75 


Vb _ LY a 
he= £ sua.r8i( 4a) 4s) = /.9x/07— 


h . = = |x/0-7 


From the Moody chart, f2 O.0n1F 


7 hp 7 E oals 3P ot 2 + (se) ] G2P 


(32-2) 
=[ 70.324 -” (2.94) 
( Note: the trlars Produce 3x te pipe /oss) 
hp = 118.54 Ft 
Coledkde. the power 


W = ¥Qhp = (62.9) (0.3) (18.54) 
hp 
= 9219.1 OS « iy = Vbahy 
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18 in. 
" a) 
— < Q 
8.84 | Water at 40 °F flows through the coils of ‘Threaded 180° 
the heat exchanger as shown in Fig. P8.84 at a —_____. return bend 
rate of 0.9 gal/min. Determine the pressure drop 


between the inlet and outlet of the horizontal 
device. 


FIGURE P8.24 


f+ +Z = Gets a +z, (FS +3'K, Jp) whe ih Z,<Z2, 
V=V= ye _ (o9 a (23 (ri) (dat ET gs Big 


F(92 Hn)" . 
Thus, 
p-fra= (FEtEK) FeV", with L= O(4EH) = 24 
and = K,=7( 15) =105 (see Table 8.2) 
Also, from Table 8.1 oF a 000005 fi/(0.S/12 f4))= 1.2x10 * 


fy (2-5. 
and = VD _ W478) Fe tH) = 3690 (see Table 8.1 


vv ~ h66 x10 for v) 


Hence, from Fig. 8.20 


f=0.04/ 
and trom £9. C1) 
fpr (0.081 (os brs, ) +1008) CE 94 SB) 147 EY 


or 
P-Pr= 46. af, = 0,325psi 
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8.85 For the flow in Problem 8.84, ethylene glycol is added to the 
water for freeze protection if the temperature drops below the freez- 
ing point. The density is unchanged, and all flow conditions are 
the same except that the viscosity of the mixture has changed to 
0.01 Ns/m? at the given temperature, Recalculate the pressure drop 
between inlet and outlet. Discuss how this loss will change if the 
fluid temperature does drop below freezing. 


First, Convert the Viscosity £0 BG uarts 
using Table 1.4 


= 0.01 “4 (3.099 110) = 2.09 x 10% ES 
From Table 73.1, pal Hat fos3 


Oo 
/ -y Ls 
pe ee Ste a -¥ fe 
- agen, @C- Or ewe re 


Calculate ay updated heynolds Puasber with V=47'% (see 


(°- 08 
PES vB _ U4 7%) (© Ta Ft) _ a3 Prob. 8.85) 


L-O17KIWVHY 
There Spre, the new How ‘Ss Jam iner 


fa BYK, ~ CYeey = 0.2 


From Problem B.BH4 
R-8=(fF+Ek)apV™ 


= (0.11 (BEE, ) + 10.5) (3) BB) (19 78)" 


R-Fe = 99.6 Ye = 0.6A2 psc 


This addition approximately doubles the pressue drop. 


Tt the Fluid bemperature does drop below freezing, 
there will be a further increase 1n viscosity anc) the 
pressure drop. 
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8.86 Water flows through a 2-in.-diameter pipe with a ve- 
locity of 15 ft/s as shown in Fig. P8.86. The relative roughness 
of the pipe is 0.004, and the loss coefficient for the exit is 1.0. 


Determine the height, A, to which the water rises in the piezome- 
ter tube. 


a eit——— 


@ FIGURE P8.86 


At +z, A -h = fe +2, + 


where 
# =f, Z,=0, f,=0, Z,= PH Y, =0 ” 
f= eth KIS with V=l; and k, 
Ths, 2 
(1) hse 14 +45 
he 
a Re = 68 (IS ENN) = 2,07x/0 


2.34x/95 Jos 
“Hence from Fs 19, 8.20 with E/b <0. box we oblgin f= 0.029 
so that Eg, (1) becomes 


tt (/s ft)? 
h +[I a 27 “i sana) 2) ~ ett 


or 


h=/6.5 ft 
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8.87 Water is pumped through a 60-m-long, 0.3-m-diameter 
pipe from a lower reservoir to a higher reservoir whose surface 
is 10 m above the lower one. The sum of the minor loss coef- 
ficients for the system is K,; = 14.5. When the pump adds 


40 kW to the water the flowrate is 0.20 m?/s. Determine the 
pipe roughness. 


feed +Z,+hp he Beg tes, where p,<f2~0, W=ln-0 270 


and 22* 2 lom 
Thus, hp-h, = 22, where 


We 40x)02NV-m/s - 
he= ¥q vq RTE ami/s) ~ 20" 
Hence, , 
20.4m-\ fe 12K ] aq = /0m 
wit 
V= & =(0.2 m%)/(E (0.3m)') = 2.82 m/s 
Thus, from Ea. (1) : 
_Tp(6om (2.82 m/s) 
204m [+ (25) +45 2 (9,81 m/s*) 
or 
aig Ge 
2M/s 29M 
Alse, Re = pe aa Siesiat = 7 SExIOE 


Thus, from the Moody chart (Fig, #35), with Re =7.s5%10° and f = 0.0560 
it follows that S/d = 0. 028 or 


6 = 0.028 (0.3m) = 0.0084m 


f= 0.0560 ae £ = 0,028 


Re =7.SSx10° 


8-89 As shown in Fig. P8.89, a standard household water meter is 
incorporated ‘into a lawn irrigation system to measure the volume 
of water applied to the lawn. Note that these meters measure vol- 
ume, n0t volume flowrate. (See Video V8.15.) Withan upstream 
pressure of p, = 50 psi the meter registered that 120 ft’ of water 
was delivered to the lawn during an “on” cycle. Estimate the up- 
stream: pressure, p;, needed if itis desired to have 150ft° delivered 
during an “on” cycle. List any assumptions needed to arrive at 
your answer. 


The energy eguation for this flow is 

4 ‘ +Z, -| tf r2K, | ts « & + +2, 
where 2,722, f27°, V =v, and = AM 
Thus, from Ee. ¢/) 5 

f= Few [eh 12K +H) -1] 


But Q=A\Y = ¥, where Vis the volume of water supplied 
during an “a” cycle and t is the length of the cycle. 


For a given system 2'K, is independent of Q. Similarly, for larg 
Re pipe flow, £ is independent of Re ( or Q). Thus 


lid kK +(4u ie f] is constant, independent of Q. 
Hence, trom £9,(2), if the length of the cycle i's constant, 
Pleat, #0 ey | ie }-(és Wee 


—— = ___* 2,653 
fh re z e hes Vi) a0 Vi20 aad ) 
or 
= SF €) Ss Oe ; . 
f 7 1,56 A), 1503 SOpsi)= 78.1 psi 
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&.90 


$..90 


throughout the pipe loop shown in Fig. P8.90, The 3-m-diam- 
eter pipes are smooth, and each of the four 90-degree elbows 
has a loss coefficient of 0.30. Determine the power that the fan 
adds to the air. 


A fan is to produce a constant air speed of 40 m/s 


@ FIGURE P8.90 


B12 +d ~h, th, = Ae +2, 
Tf we locate (i) and (2) af the same place if tollows that 
fi=p2, Vz. and Z, 22. 

Thus, 

hs =f, “(8 8 ae FA where Zs ky, = $0.30) =/2 
Also, Re= 2 Te = He "Bs (408m) 


= 8.25 x/0° 
1.79x10> 
and £ <0 so that trom Fig. 8.20 f=0.0083 
Hence, 2 
h, = (0.0083 EI a 12) Oar oe 
so that ; 


W, = YOh, = egOA, (123-991) Z (3m) (402) im 
= 3.79x/0° MB = 379 kW 
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8.9/ 


8.9! | The turbine shown in Fig. P8.9/  de- 
velops 400 kW. Determine the flowrate if (a) head 
losses are negligible or (b) head loss due to fric- 
tion in the pipe is considered. Assume f = 0.02. 
Note: There may be more than one solution or 


there may be no solution to this problem. 120 m of 0.30-m-diameter 
cast iron pipe 


FIGURE P8.9/ 


2 2. 
bie Die = tt +z, ties? +h, where P =f =O, Z,~=20m, 


2=O0 Thus, Z= Merfh ¥ th, q) 
: Mee head er (f=0): 
« Ve 5 where h = oe = ch = 52.0 m 
s (4.s0xi0° Ls) 2(m)* V2 Va 
Se, y2 a9 
ee. oe a - 
20M =F 74 51%) * Vos yy -392\, +/020=0 (2) 


Determine the roots of this cubic equation. Le} V,°-392V, +/0202F 
As indicated by the graph, there 
at two real positive roots fo F=0 
V,=2.652 or Ve =/8.3 2 Thus, 
Q=A, Ve =F (im) Vy , or 
Q= 2.082 or Q=/44 


The negative root (Vz <0) has no 
physical meaning. 


b) Include head loss (f =0.02): nae eee? y= As =, (3 By V, Je 


120 52.0 =/1/V; 
“20m = (140.0212 2m NU") sq sea +2 m A 


T hus 
: Va ~ 0,398V, +1.034=0 LefG= Vy'-0.398 Vy +/.034.. determine 


V, that gives G=0, 
As indicated by the gmph, there 
is no posite real root. Hence, " 


the flow cannot occur with 
W, = 400kW. 
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*8.92 In some locations with very “hard” water, a scale can build 
up on the walls of pipes to such an extent that not only does the 
roughness increases with time, but the diameter significantly de- 
creases with time. Consider a case for which the roughness and di- 
ameter vary as « = 0.02 + 0.01¢ mm, D = 50 (1 — 0.02r) mn, 
where t is in years. Plot the flowrate as a function of time for t = 0 
to ¢ = 10 years if the pressure drop per 12 m of horizontal pipe re- 
mains constant at Ap = 1.3 kPa. 


H+z, = Bye +e. of f x where 2-2, , V,-Ve=V, and 
Hes 4p =f, “fh =I3kPy 


oe ys 12m 
Pie is 2g 6, or 13x10 tA scat aman) seams o0oned =3) 


fV?= 0. “ne 0.02%) where £~ yr Wes 
Also, poe V[aosti-o. o24)] 
an d hizasere . a 
_ (0.02 +0.0/4) 
Se 50(j-0.024) _ 


Finally, from the alternate ‘formula, F9- 8.35%, 


iF he al (Sh) $2] vi 


For 0*¢<4/0 yr , obtain £ & from £9.03) and solve Eqs. (1) (2), and) 
tor £.V,andRe, Then Q=YA = incagl 0.024)? 


or Re = #¥8x/0"( /-0,024)Y 


‘O= 196 x10 “tim o.02t) V ‘where Qv~ , ee , Eee is) 


Eo ns ()-15) were used in a MS Excel s preadsheet 
a oie jrerate on the aha ai 
( J 
Fquess 0 V— sa Ke ow, Frew = Fouess 


No 


The spr cadshect hesults are Sheousn be lw along 
With a plot of thé data. 


Insert a guess value (e.g. f = 0.02) in the f(guess) cell. A new f value will be calculated 
in the f(new) cell. Use this new value as the updated f(guess). Continue until f(guess) = f(new). 


A 
< 
3 


e/D_ f(guess) V, m/s Re f(new) Q, m43/s 
4.00E-04 0.0243 6.67E-01 29758 0.0243 1.31E-03 
6.12E-04 0.0249 6.52E-01 28496 0.0250 1.23E-03 
8.33E-04 0.0257 6.35E-01 27195 0.0257 1.15E-03 
1.06E-03 0.0264 6.20E-01 25998 0.0264 1.07E-03 
1.30E-03 0.0271 6.06E-01 24845 0.0271. 1.00E-03 
1.56E-03 0.0279 5.90E-01 23692 0.0279 9.37E-04 
1.82E-03 0.0286 5.76E-01 22625 0.0286 8.75E-04 
2.09E-03 0.0293 5.63E-01 21595 0.0293 8.16E-04 
2.38E-03 0.0300 5.50E-01 20602 0.0300 7.61E-04 
2.68E-03 0.0307 5.37E-01 19643 0.0307 7.08E-04 
3.00E-03 0.0315 5.24E-01 18686 0.0315 6.57E-04 


COON OOARWN- OC 


—s 


1.40E-03 


1.20E-03 +- 


1.00E-03 


8.00E-04 


6.00E-04 


4.00E-04 


2.00E-04 


0.00E+00 
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Nozzle diameter 
= 7.5mm 


8.93 Water flows from the nozzle.attached to the spray tank shown 
in Fig. P8.93. Determine the flowrate if the loss cdefficiént for the 
nozzle (based on upstream conditions) is 0.75 and the friction fac- 
tor for the rough hose is 0.11. 


FIGURE P8. 9% 


2 a 
A+ bez, ¥ & + Brz.+(f$ +K sg , where fy =150kPa, p,=0, 
Z,= 0.8m, Z,= ne =(1.9m) sin#¥0°= 1,22 m, V, =O, 


V=F , and Ve= Be =(4V=(Bz) V =(BERV= 4 
Thus, with f= Oudl a K,= 0.75 £9.¢1) gives 


|Sox10"m be a 
G.01S™, 2(92.9/45) 


—{;7- + 0.8m = + + O1] 
9.80x)0° Z, m= /,22m (# (sem, 


or 
Y= 3.092 


Thus, Q=AV=¥ (0.015m) (3.092) = 5.48 x10 igo 
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8.94 When the pump shown in Fig. P8.94 adds 0.2 horsepower to 
the flowing water, the pressures indicated by the two gages are 
equal. Determine the flowrate. 

Length of pipe between gages = 60 ft 

Pipe diameter = 0.1 ft 

Pipe friction factor = 0.03 

Filter loss coefficient = 12 


HFIGURE P8&.94 


Ie fh At he ee ae 
72 7,=2.,Vi7Ve 
So, hp = fy. (1) 
The pump adds O.R hp or Powel: 
= 0.° 550 fide fel 
W = 0.2) hp x a jo fz 


— 
— 


Convert to head by: 


hyp = We yo _ 7 


Sub inte (I) 


z (Q % 
LI. (¢£+ Ek.) ¥y = (¢£ 2h.) SH) 


or QQ? ara 2 a where A 20.1 A)* 27 8SH0 fe 
e+ 2K 
MR ACA NCALL 
(0.03 2 + /2) 
Q? = 2.325% /0-4 
Q = 0.06/15 th 
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8.95 


8.95 Water is pumped between two large open tanks as shown in 
Fig. P8.95. If the pump adds 50 kW of power to the fluid, what is 
the flowrate passing between the tanks? Assume the friction fac- 
tor to be equa! to 0.02 and minor losses to be negligible. 


Diameter 
D =0.5m 


Pipe length = 600 m 
HBFIGURE P8.95 


With F=4=O0, V,=V2=O, and 2,=Za 


z 
es Silty, ae 5 (1) 
Wi'th the Pump adehing SOKW of Power 


W = 50x /0?W = ppQy 


ho = 20x10? _ 3.10 

P  “Q(7.8x092) ~ ~@ 
ub into (I) 

ete et a 2 

i) F% oy ef 5 29 4* 


Q? = sini hee where Az 2(asl*=0, Mom 
Thus 


1Q@ = 5.10(a)(0.5) (7.51) (0.196)" 
(0.02) (G00) 


= 0.1602 
Q = 0.543% 


or 
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8.97 The pump shown in Fig. P8.97 delivers-a head of 250 ft 
to the water. Determine the power that the pump adds to the wa- 
ter. The difference in elevation of the two ponds is 200 ft 


Pipe length = SOO ft 
Pipe diameter = 0.75 ft 
Pipe roughness = 0 


EFT : 
peer IER r 


m@ FIGURE P8. 4? 


2 2 
Ai +z, +e -h, th, = £ n+ 7 
where fy=fn=0, Y= Ve=9 , 2-0 Zz, =2001 4, = 25011 


Thus 
¢ 2 bY 2 2 
- tex - EK sh +h, =Z2 so that with Eki -(0,8 +4U5) +504) 35 
y* 12.8 35 
500 Res ee b. 
|-f =F) ~/2.8| 574n.2) caer hae 
or 7 
“) = (667f +/2.8)V ade 
e ; ae V (0.27 
Also, Re= a = (1,94 oh is #) 
2.34x/0 = 
or ft 
(2) °*Re=622x/0°V 
and trom Fig, 8.20: 
EE SN 
§-0 
: Re (1) ft (2) 
Arial and error solytion. Assume f 20.02 —= V=IL/ = fo = 6, 9x10" 


a fz 0.0/2 # 0.02 
Aceime f= 0.0/2» Vaj2e tt &. 
Thus, = /2.¢ £1 duel 


W = 0 h b= (62.4% i>) £ (ors tty (12.4) (2501) = 8.55x/0" fb 


Ss 


Ss (e}} 
© = 77x10 —> f = 0.0/2/ = 0.0/2 


= b.séx/o" T , |= = 155 hp 


Alternatively, we could replace Eg. (3) (the Meody chart ) by £9.35 
(con't) 
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(con't) 


(the Colebrook equation) and obtain Vas follows. 
From Eq. (1) 


V= [ 3220/(6a7 +/2. )]*, which when combined wrth Eq. (2) gives 


Re = 6.22x/0 “[ 3220 /(b87fri2.#) | 2 3,63x10°/ (5674 +12.9)% 
Also, the Colebrook iid wrth E/D <0 Is 


if =-2.0 log ( 222 Re RF) 
By combining Eqs (4) and (5) we obtain a single equation involving only f: 


2.51(66 7-F zie8) 


ee 
Wee ag] 53 xj08 VF 


Using a compute root-finding program to solve Eq (6) gives 
f = 0.01/23, consistent with the above rial and error method. 


ido 


8.73 Water flows through two sections of the (2) 
vertical pipe shown in Fig. P8.73. The bellows 
connection cannot support any force in the ver- 
tical direction. The 0.4-ft-diameter pipe weighs 


f = 0.020 i ; 
0.2 lb/ft and the friction factor is assumed to be * 7020 Bit 
0.02. At what velocity will the force, F, required 
to hold the pipe be zero? Fy = 08O EB 


From the momentum equation applied to the 
control volume indicated 
2,4: Yo - “pipe i m (V2-\) =0 Pah ya\, if (2) 
_ WirotWpipe SPA +L (GL 
Thus, p= a = eo 


OF 
.20: = a 
pete =IL +1592 | where fp mp, f ff | | toe 
Also, ; pf 
2 2: 
Bt Mes z= th + Bia tt 5a , where p2°0, V, 


YV=KeV, 2,=9, and 2,=2 
Thus, p; oz, +f£toy7, 


or when combined with the above force balance result 


f= ¢h +f$ tov" = +L sof 


: 2 = 2 DU.59) — Z0OA)LS9I) _ ft 
That IS, fer ELSI OF Y= ers = = 0.94) (0.02) =5.73-3 
Note: This answer js independent of the pipe length, 2. 


8.97 Water is circulated from a large tank, through a filter, and 
back to the tank as shown in Fig. P8.?7. The power added to 
the water by the pump is 200 ft: lb/s. Determine the flowrate 
through the filter. \\ 200 ft. of 0.1-ft-dia, 

pipe with eD = 0.01 


Ae +243 Mth, - tz, +f (fh ok, Je zz 
where 
h=f2, V4, ==0, and Z,=72 
Also, W, = TOhp or 
h, = _ 200 408 
a3 + 2 (Flo.itYv Vv 
Thus, Eq. a becomes 


08 = ( 2004 ¢ +(0.84+5(1.5) +1246 +/)) ily 


or 
y2 a 13.13 
(f +0.01365) 


- #( 
- = Op - & gn Spe (V B04) or Re = 8290V 


2.34x/9% lbs bes 


5 


Trial and error solvtion: 

Assume f= 0.04. From Ep. (2), V= 6.26fL. from Eg. (3) 
Re=5.20x/0", Thus, from Fig, 8.20, f = 0. 039 + 0.04 

Assume {=0.039, or V= 6.295 and Re =5.2/*10 and f <0.039 
(Checks) 


Tlws, Q=AV= F (0.194) (6.29) = 0.04944t 


Alternatively, the Colebrook equation ( Eo. 8.35) could be used 
rather than the Moody chart. Thus 


(con't) 
8-92. 


(con't) 


1 = -2.0 log (£2 + 25 Ree ), where from Eq (2) (y) 


f = (/3.13/ 3) - 0, 01368 (s) 


Thus ie combining Eas. (3) (#4) and(s) we obtain the following egyation 
for V 


y 
| 13.13/y 2) - 0.01365] “2-20 logl 22 0.91 4 2,51/{ 8290V)((13.13/V3)-0. ores) )} 


Using a computer root- -tinding program gives the solytion to E9.(6) as (6) 
V=6.29. 


, te same as obtained by the above trial and error method, 


8./00A certain process requires 2.3 cfs of water to be deliv- 

ered at a pressure of 30 psi. This water comes from a large- 

diameter supply main in which the pressure remains at 60 psi. 

If the galvanized iron pipe connecting the two locations is 200 ft t1) 

long and contains six threaded 90° elbows, determine the pipe 

diameter. Elevation differences are negligible. D 


a 
oA +2, = ue + Buz, +6 +r Ka : where f,=30pss , fi= 60 psi, 
= Z2 ,Vr0, Ve= Ve = gat. = 22 2 with D~# 
a 
Arf: =(F8 +h tev 
°'(60 -30) Ps (4d te o(tef (ARF) + 6(15)+05) (3 ce Hy (z)(I: nse 
where we have used 
a h=6 Ky elbow t Ke auirance = 6(1.5) 40,5 
Thus, 
49,4 = (| + 14.08) 
Also, 3) p 93 * 
Re = V2 = ( Ss = rane) or Re = 2.42110 & 


and from Table 8.t 
ge. 0.0005 ft 


— 


. D D . 

Finally, trom Fig. 8.20° F we 

Trial and error solution of he 
Egs. (1), (2), (3),and(# for 

f,D, $, and Re. D 
Normally it is easiest to guess a value of f calevlate D etc. In this case 
(because of minor losse), Eq.(1) i's not easy touse in this fashion. Thus, assume 
D, calevlate f (Eg.()), Re (Eg.(2)), and & (Eg, (3). Look up fin Fig. 8.20 
(Eg. (#)) and campare with that trom Eg. 0). 


Assume D=0.4ft , Thus, f= 0.00557, fle=6.05x/0° £ =0,00/25 
or from Fig. 8.20 f=, 02/ # 0.00557 


Assume D= 0.54. f= 0.055/, Re =#8FKIO" £ = 0.00] or f= 0.0203 #0,065/ 
Assume D= O.4Sf, f= 0.0243 Re = 5: 28X0" £ = 0,00N/ or f = 0.0205 +0,0243 
Assume D =0.4¥4ft; f=0.0/97, Re =5 50x10" £ =0,00//¢ o f=0.0205#0,0197 
After enovgh trials obtain D= 0.442 ff 

Note : if Fig. 8.20 (Eg, (¥)) /s replaced by the Cole brook equation 


(con't) 
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this problem can be solved as follows. 

Thus, from Eq. (1), 

f = (49.405-D)/19 so that with the Colebrook egvation (Eg, P.38), 
when combined with Eas. (2) and (3) gives 


Ed D 51 
if = 72:9 log (+ Hepp) 


or 

[wapray| =-20 log] 7 : rivcgcrene yA 

Using a compyler root- Finding rovtine gives the solution to E9.(5) as 
D= 0,442 ft which is the same as that obtained by the trial and error 
method above. 


8.10] Water is pumped between two large open reservoirs ‘ (1) (2) 
through 1.5 km of smooth pipe. The water surfaces in the two 

reservoirs are at the same elevation. When the pump adds 20 kW V 

to the water the flowrate is 1 m?/s. If minor losses are negligi- | \ gla is 
ble, determine the pipe diameter. 


aa Rk 
LL ELFALPFAA CL? OL vA 


At z,tsh th - -h = 2 +224 where f-far0, W2a0 2,% 
Thus, 


wi 0° N-m/. 
(1) h. = fy where h,< FQ =z oon ae 


oe ee ea) 6 207M 
(9.80x10 ze Iz) 


and , 
b= tbh with V= fa Qe = 18 mf with dem 
Hence . 
; 3m (23/2) m/s? 
(ay hy f ee CER = 123.9 1D 


From Eqs (and(2), 2.0%=/23.94/D° or f= 0,0/65 D° 
(3) D=2.27f% 


A 
Ee evb _ 99955 s 1.273/07)m Da 


*~2xIT3 We fa sal 
(4) Re= ie 


Finally, with €/0=0 the Moody chart (Fig. 8.20) 1s the final equation. 


ay i ae 
| £2 


Re 
Trial and error solution of £qs.(3) (4) and¢s) for f Re, and: 
Assume f=0.02 so Eo (3) pues. D=2.27 (0. 92) ¥s 27, 04m and £gl4) 
gives Re = 1./¥x10°/), 04 = | Jox108, Thus, from Eqs), f= 0.0US which 
is not egval to the assumed f=0.02, Thy again er f20.0NS which 
gives D=0.931m, Re= /.22K10" and f=0.0113 #0.0115. One fina] 
iry with f= 0,013. gives D0, 927m, Re =4.23x/0% and f= 9.0n3 
as assymod. Thus, D=0.927m. 


An alternate method is to Use the Colebrook formula (£q(8. 35) 
rather than the Moody charf (Eq(s), Thos, with E/7D = 0 ; 


(con't) 
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gor] (con'? 


Eo (g. 35) 1s 
7p = -2.0lo9( Rie) which when combined with Eqs. (2)and Cb gives 
2 oo = i 2.s5/ D 

bel agesnsye ~~ e-OUe? | 7,7#%10%(0.0165 mye | 


Using a computer roct- finding program to solve £q (6) gives 
D= 0.926 which is consistent with the trial and error solvijon 


given above. 
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@./02, Determine the diameter of a steel pipe 
that is to carry 2,000 gal/min of gasoline with a 
pressure drop of 5 psi per 100 ft of horizontal 
pipe. 


he + hz, - +E +e thoy F where 2Z,=%2 and Vj=V 
Thus, 
P~f2 = rf teV* Ait fa Fin ie, “ght 


iaioh in. i J 
v-g. tows Seite me) 4. Y= yBge. 8 f with Dei 


# D 

Hence, Eq. (1) gives: 
2 
Filia: = FOS) s (1.32 5s) (2S ft) 


D= it a Ne ft 
1.32 Se" ft) p# 
Also, Re = p> = aT mr, 


and 
= OS where D~ ff 


Finally , the fourth eqvalion is the Moody chart 
(or the Colebrook equation) = 


Note: 4 equations (@),(2,(4), and¢s)) and 
4umkaons (f, &, D, Re) 

Trial and error solvtjan: 

Guess f= 0.02 = D=0,567 

Thus, the “aa Valve 


is not correct. ; 215 xpos 
ee 
Guess f= O. o149 2 Dz 0.5344 — 


Re 


(2 Re= 2,03x10 
Ho 3 f=0.0/¢8 #002 


an. £ £ . 0.000265 


a & . 
ph = 0-00028/ 


“ f= 0.0/S0 = 0.0149 
4 
Thus, D= 1.24 (0.0150)5 = 0.535 ff 


By using the Colebrook equation , £4, 8.35, ratherthan the Mody chart 
Eo, (5), we have 


ip -2obg[ 2 3 aan 


2. 0. oes 2.5/7 D 
ee WHITE es 0 log] 2.02008 + Exo b/12H)A | 
Using a computer hi program to solve Ee. (6) gives ) 20.536 tt 
which is consistent with the above trial and error solvtion. 


ait | which, using Eqs (2), (3), and (a is, 
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8./23 Water is to be moved from a large, closed tank in 
which the air pressure is 20 psi into a large, open tank through 
2000 ft of smooth pipe at the rate of 3 ft?/s. The Auid level in 
the open tank is 150 ft below that in the closed tank. Determine 
the required diameter of the pipe. Neglect minor losses. 


L=2000ff 
hi s2,+f 35 = tz, +f thy () 
where 
VizVe=0, 2-2,=/s0Ff and p= 20ps', fr. =0 
Also, 
Y= 4 3 3.82 where V~ D~ft 
4 


Thus, = Ui) becomes 


(20 anren tt) ie ilinc 28 


62.4 a, “D2 (32.2 £) 


(42y 


3.82 5 
ee ee 


Trial and error solution: 

Assume f+0.02 so from £¢.(2), Dz20.S¥0tf and trom £y,(3) 

Re =5.87x/0°, Thus, from Fy'9. 8.20 (with $=0) f=0.013 #0.02 
Assume {=0.0/3 which gives D=0,495 Hf Re = 6.40 10° and f =0.0125 
Assume f =0.0125,50 D=0.¥9/ff, Re =6. 4S K/0™, f< 0.0/2.5 (Checks) 
Thos , 0O=0.¥9/ Ff 


Al lernalely ‘ the Colebrook equation, ka, 8.35, rather than the Moody 
chart F Fig. 6:20, covld be used qs follys: 


(con't) 
-79 


(con't) 
With E/D=0, £9. 8,35 Is 


F = -2.0 log(2.5'/(Re Vf )) where (4) 


from Eq. (2) f= (D/1.18)° (5) 
Thus, combining Eqs, (3) (4) and (5) gives 

I/ (D/ 1.18)" = -2.0 log [2.51/((3.17%10°/p)(D/1.18)**) | (4) 
Using a computer root- finding fechnigue gives the soltim to £9. lb) qs 
D= 0.4924) whichis consistent with the above trial and error solvtyon. 
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8./04 Rainwater flows through the galvanized 
iron downspout shown in Fig. P8./09 at a rate of 
0.006 m?/s. Determine the size of the downspout 
cross section if it is a rectangle with an aspect 
ratio of 1.7 to 1 and it is completely filled with 
water. Neglect the velocity of the water in the 
gutter at the free surface and the head loss as- 
sociated with the elbow. 


eee Be FIGURE P8,/64 
$Z, = tay ag te a 4 where P = fr =O, V, =0, =V, a>) 
Z 54. nit and 2,=0 


- 4A - P@CLTRD . = ie <i 
Alte, D, 2 (i:th+ b) ).26h h 
= 9. ae = ube 06asak 2 where h~m b=/.7h 


Thus, from Fq.l/) - 
fein (1 aoe )) ( 3.520 SY aT 79 a) 


peer fa = ike . = (0) 

From Table 8.1 & = Osstin m= : , where h~m (3) 

and one _ (0.003537 #)(. 26hm) 4 3970 *) 
-— - 1.12.x/07 SRE h 

Finally, from Fig. 8.20: 

Trial and error solution of — ff ia (5) 

Eos. (2), (3),(4),dnd (5) for 2 ee a 

fh, Re, §, . <a 


Assume f= 0.04 m » from (2) f=0.1) | from (3) 7 = 1.07 x/07 
and from (4) Re = 993K10%, Hence, from ee f=0. ns # ON! 


Assume h= 0.03 m ; from (2) f= 0.0227, $= 40x10" and Rey =1,32x10° 

Hence, from (s) f= 0.0290 40.0227 

Aesoms h= 0.025m, or f= 0.00677, 5 = 4 nis Reg = 1.59410" 
Hence, from (s) F='0.0303# 0.00677" 

Assume h = 0.035 m; or f=O.05%4: & = 3. yoxio* . 
Re, = 413x105, Hence trom (s) f= 0.0280 


Plot f from £9.(2) and f from £9.(S) as 
a function of h, Solvtion is eae the 
two curves Intersect. 


Thus A = 0.03/m and b=1,7(0,03/m) 
OF 0,03/ m by 0.053 m. 


(con't) 
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This problem can be solved using the Colebrook equation, Eg. 2.38, 
rather than the Moody chart, Fig. °.29 as follows’ 
From E. g. 8.35, 


py uk 
Tf = ~2,0 log (> + Reif ) 


where, trom £q, (2), 
f= (6.4/xl0°hS-h) /5.55 


Combining Eas. (3) (4), (4), and ¢7) gives a single equation for h 
| 
[ (6.4/x10°h*-h)/s, 5s] 


wgxioe, 2 
~2. 0109) Ey ae 3970/ (6.4/x/05h>-h)/5.55] 5 


Using a computer root- finding program gives h =0.03/3 m, which is the 
same as that obtained by the above ivial and error methed. 
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*§.105 Repeat Problem 8./e4if the downspout is circular. 


fir Mrz, - Bok 29 fz f hE wim = p2* =O, Y= 0, 2 * V, 


Z,=%07m, andZ:=0 Thus, 2Z,= (i+t4 yA or 


(4.07 m(2(9.8)%) = a Hill ‘i 
Hence, with V “ay or = aS ene st , £9.(l) becomes 


79,9 = ‘a 1a aamgeee 


orf= 1956 x/0°D° -0,1429D , where D~m 
Also, Re = ¥2 = (OED _ __0.00764 F 
" (12x10 622) D 
Wigs iy ‘5 
5x/0? 


From Table 9.1! ge = OLE So that £9. 8.35 Lecomes (4) 
+ 


ait. 
fT =-2.0 Jog) ar | or when combined wih Egs. (and (#) 


a See 405x105, 2.68x/0 *D (5) 
ee 
Solve Les. (2) and (5) for fand D as follows: Substitute £ from 


Eq. e into E¢ (5) to objain a single equation for D: 


405xs0-> . 3.68x10*D 
(1.956xl0° D5 -0./429D) 


Tene com29D ye ong tek: 
Using a computer root - finding t i) chnigue gives 
D = 0.0445 m 
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8./67 Air, assumed incompressible, flows through the two 
pipes shown in Fig. P8/0%. Determine the flowrate if minor 
losses are neglected and the friction factor in each pipe is 0.015. 
Determine the flowrate if the 0.S-in.-diameter pipe were re- 
placed by a |-in.-diameter pipe. Comment on the assumption, 
of incompressibility. 


FIGURE P8./07 


p+ 42 = hy th, + Beg +d , where Ve=0, Zo=Z2, ~,=0, 
y= by hy fee, hhh ig and Y= & = 4G) = (252) Ve 
Thus, = (1) pleco =0.25\, 
Bhs eae 

fox Fels 1 (o2sP+£2 +1] : . a 
i fo=@Rk or a= fo. (0S imt4 7X4) _ 0 soroq slug 


1 (17/6 ft-lb )(1s0+#60)°R a fr 
slvg°*R 
and f,=f,= 0.015 Eg, (2) gives — 


(0.52, (44-25 Lt!) = $ (0.00209 )\ [fo ols (FE oo. 25)-+f 208 ))s ] 
"Y= 90.4% £ Thus, O=AaVh = E(htl) (0.48) <0,123 £ 
Lf both pipes were | in. diameter, then Vj=V2 and Fe Oh danse 
fox SOV ER +f & 41] or with ff, Bh, and Dds 
= £0076 Se +] 


lca ) 
(0.5 2, Ib ee = + (0.00209 aa) Y,Jo.018( se Je] 
or 


Yw=9.7 Thus, O=Ae= Fb) (9.72) = 0500 
Since p= ORT it follows that 


fs om ae Tf we assume Ty =7% (i4 probably will not b8, 


Co 


but it should be a reasonable approximation ) then 


o a f= Pear =0.967 The tlw is nearly incompressible. 


3-1 OF 


*8,/08 Repeat Problem 8/07if the pipes are galvanized iron 
and the friction factors are not known a priori. 


FIGURE P8./07 


or, avis ia = Z,-Z2, f= =0, Y=, (i) 
hy, =f,4 dD 2 ’ h, = £& Dz 2g s | and y= mm 3) =(PSin\y = 0,25 V, 


Te E¢. (1) becomes 
fois hh asi) +g & Mey ye 


“a= teu, (lg tasy “ee (2) 


With ~=@RT or fo = OSI +E MMF) 9 son yg Slit 


as “(1718 FA Niso+4s0)'R fe 
Eq. (2) becomes 


(0.5 dle fs) = + (av0n09 $8) M[lo2sy f -2867) + £258) «I] 


6,89x/0" = Vp" (15 f, +¥B0f, +/) 


Also from Table 8.1 , 5 = Sees 0.0008 = 0, 006 


0.0005 ft es 
nd = 2 —" = 0.0/2 
‘ B, aa ft 
and 


Re, = $+ MD . = BOs , where from Table B.3 


-7/ 2 
= SS se iio ae -¥ ff 
V Po ~ 0.00209 $i = 2.00X/0 rr 


Hence 
2 0.25 V2) (z ft) 
Re,= ere ENS =/04\, 


d 
py. = Me eft) 
2 


2,00X/0 it 3 
For turbulent Flow Ey. 8.35 gives yp =~2.0 og] : 


= 208 \, 


By combining Egs. (4) through (8) we obtain 


as | 


i -3 
qa =-2.0 log |.62 
VF og! 62x/0 + vA ; 


and -2 
fe i af: x o3 1,2(x10 
i * 2.0 lg| 3. 24#X/0° + ay ae re | 


(con't) 
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A computer trial and error solution method gives the solvtion to E gs. 63) (9) 
and (/0) as‘ 

f,= 0.0425 f,=0.0¢¥6 and V,=5 7 i 
Thus, 


= Ay = BO Vee F(T AP (S47 f= z¥exio? 


If D, =D, , then V=V, 2, f, =f, since 5 = 5, = 0.006, and 
Re = = Re, = Va de Ve (rz #4) = 416 Vy 


a ee ele 


2.00x/6 7 
Thus, Eq. (1) has: 


Po=zere | fee ea) )+1] 
or 
(0.5 (mee 22) = +(0.00209 st) Vy If a) )+1] 
Hence, 
6.89x10" = \, [480% +1] 
ae from Fa. (8) 


a4 6-03x|l0> 
Hf 7722 leg[reanior® + SPARE | 


2 VIg 


A computer solution of £gs. (Wand (12) gives 
f,= 0.035! and Vb =62.2 if 
Thus, 


Q=AV, = FOV = F(A (62.2£)- 0,339 


Note: Since 70=@RT it follows that 


&-(&). o 3 


fo Te If weassyme Ta=To (it probably will pot be, 
but it ns 2 a reasonable approximation) then 


_ /4.7 psi 
fe = fe = eae = 0.967 The flowis nearly incompressible. 
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&§.110 


8.110 The flowrate between tank A and tank 
B shown in Fig. P8.//0 is to be increased by 30% =Gat==| 6-in.diameter; —6-in. diameter; 
(i.e., from Q to 1.30Q) by the addition of a sec- OBR qn 500 tt tong 
ond pipe (indicated by the dotted lines) running 
from node C to tank B. If the elevation of the 
free surface in tank A is 25 ft above that in tank 


B, determine the diameter, D, ofthisnewpipe. = j= = \t3) 
Neglect minor losses and assume that the friction Diameter D, 500 ft tong 
factor for each pipe is 0.02. FIGURE P38. //o 


With the single pipe ¢ B+ 9 tA Pe. Le, Ve Vas Z9 ‘fh ae 4 h 4 
where fh= fy=? may ee aed Z2 "ah 
and V,=\ aN dD =2,), 


2 
Thus, 24 = f Oey H, or 25 fi = (0.02) (600+500) ft V; 
! 


(Eft) 2 (32.2) 
°"y =6.05# Hence, Q=AV=F(EH) (6.05#) =1iee £ 


With -the second pipe Q= = ase(tieey) =) 5h 
Thos, Q,=15#£ = Q,+Qs or Y= $= He = a4 


SHY 
For fluid se ire A to B throvgh pipes er 2, 
Zy = h, + att ye +f - A (see £0) 


or 
5 ft = (0.02) S008 (2842)? , 500% _ Vs" 
a wai (KA) 2(32.2 ff) + (0.02) Tey (SA) 262.2) 


weet | 
0,= AK =F ft) (2.604) =0.sy £ 
Thus, Q,=9- Q, <1.5¢ 0,50 = 1,034" 
For fluid flowing from es 108 ae pipes /and 3, 
Zy= hy, th, - thx s thE 2g , where Va= & 403 fat 


Thos, ‘s 
a 600# (7 gy)? S5o0oft Capt 
25 tf = (0.02) (EH) 2 (32.241) © +(0.02) D, 2(32.2 ft) 
or 
D, = 0. 6624} 


Note + With the parameters given, the solution ts quite sensitive to 
round off errors in the calculations 
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8.111 The three tanks shown in Fig. P8.111 arecoanected by pipes 
with friction factors of 0.03 for each pipe. Determine the water ve- Elevation = 
locity in each pipe. Neglect mmor losses. 850 ft 


BFIGURE P8.111 


Assume the flow from both tanks A and B is into tonkC, or Qy=Q + 
Thus, Dy Va = EDV, +BDeVs , or 12° Ve = 10°, +117 Ve 
Hence, V_ = 0.694 V, +0.840¥, ay 
For the flow ee 4A nls Hg “fie =9, Yq =Ve=0, we obtain 


Ze 2th Mw pk 24 or 838 ff =80St1+ 5 88, oe Soren + Sot ¥ | 
or 


33 = 0.372 V2 +0.233%y- 
Similarly for j» flow ne ae with f= fc=0, Yy=\e=0, we obtain 


Va 03 0 Hy 
a ath & ; £2 agit 85011 = “908 + Bl Fret, \, + oor Vs f 


UES =0.296 ve. +0,233 e (3) 
Thus, 2 equations ((),(2) andl3)) for Vy, Vs, and V3. Solve as follows : 
Subtract (2) from (3) to obtain 
12=0.296 Vi? = 0.373V,2 
From (2): Vs =y 141.6 -1.6V,7, or when combined with (i: 

[141.6-18V" = 0.694Y, 40.840\5, or Va= {200 -2.27V,* -0.826V, 
Combine Eqs. (#)and (5) to obtain: 


—12_ asctooye 2 0.373 
‘3392 =| 200 -2.27V,* -0.826 vi] = ar ; which can be simplified to 


V, 200 -2.27V;" =96.5-1.725Vi" By squaring this equation we 
oblain (after simplification) : 
ty 2. 79. 
Vi4— 01.5 V,2 +1774 =0 Hence! Vir 101.5 ZV1015* = #01774) _ vat 


Thus, V,= 0.89 # o7 = #73 # — 
Note: The \,=8.89 solvtion is an extra root introduced by squaring £9.06). 
It i's not a solution of the original £¢s. 2,022 (3), For this valve, £9.) 

becomes 889/200 -2.27(9.99%) = 96.5-1.725 (8.89). op ‘402 -40" 


- 214 
Thus V,2473 | from Eg. (2) Vs = [2-geeer ls 


(2) 


0.233 
and from £9.(i) Vax —12-3-0-690(479) - 9.35 # 


—— 


10.3 2 ; 
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Elevation = 60 m 


8.142 The three water-filled tanks shown in Fig. 
P8//2 are connected by pipes as indicated. If 
minor losses are neglected, determine the flow- 
rate in each pipe. 


FIGURE P8.1 
Assume the fluid flows from AtoB and AtoC. Thus, Q,= a +s 
or ZF (o.1m)* V, = $(0.0am) Vv, + F(a.cem) Vs 
“SV, = 0,64 Vp +0.64 Vj 
For fluid flowing from BtoB with fy= fla=0 and Vg= Ve 
ge £2 fa \h' Be 


LV 
Zp = Z,t / 5, a 
or 


2 
60m -20m = (0. os (am Zone 200m __Va 


ae ee + (0.0207 com) )xtaai@) 
Hence, 
YUO= 1,529 V," +2.55 V> 
Similarly, for oe sarin trom A tol with f= fe =O and Vy=V, =O, 
Eq Z, tt 8 
2 2 
bg Sie 200m\ Vi __ 4oom) Va ___ 
A m = (0.015)(20% 20481) ries (soem 2(9.81%) 
Hence, 
60=/,529V,? +5.10 Vy 
Solve £¢s. (1),(2), and (3) for Vi, Va, and VG, From Eps. (1) and (3): 
60=1,529 (0.64) (Zt) +5u0V,", or 95.8 =(VatVg) + B42 
Subtract Eo,(2) from Ea, (3): 
60-40 = 5.10\_-+ 2.55 Vs" or Vy =/2¥2 - 7.84 
Thos, from Eqs. (4) and(5): 9 yy “+ (av? -7.84 14) -95.8=0 
This can be simplified to 
2Vqf2Vy- 784% = 1036-11142" Square both sides and 
rearrange to give V, -/9.63\, + 92.5 =0 which can be solved 
by the quadratic formula fo give 
— 
Vy, = 19.634 )19.63°-4(92.5) =/1,.77 or 7-86 Thus V,= 3.432 


or V3 = 2.802 


| (con't) 


8-1 09. 


(con't) 


Note: The value \,=3.43% is not a solution of the original equations, 
Eas. (1), (2), and (3). With this value the right hand side of £9.06) 
is negative (ie. 103.6 - HIV? = 103.6- 11.14 (3,42)% 2-245), As 
seen from the left hand side of £9.(6), this camo be. This extra 
root was introduced by squaring £@. “4. 

Thus, Q,= AsV, = (0.08m)* (2.90%) = 0.014) 

Also, from Eg, (3) 


60=1,529)/2+5,0(2.80) or V= 3622 

3 
on Q, =AV, = E (0.)0m)" (3.62 2) = 0.02842 
and from Eo.(1): 


3,62 = 0.64 |e +0.64(2.80) or V,= 2.86 
or 


3 
Q, = Aa Ve = ¥(0.08m) (2.86 2) =0.0/432 
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$113 (See “Deepwater pipeline,” Section 8.5.2.) Five oil 

fields, each producing an output of Q barrels per day, are con- 

nected to the 28-in.-diameter “main line pipe” (A—B-C) by 16- 

in.-diameter “lateral pipes” as shown in Fig. P8.)!3. The fric- 

tion factor is the same for each of the pipes and elevation effects ‘A 

are negligible. (a) For section A—B determine the ratio of the Q 

pressure drop per mile in the main line pipe to that in the lat- BFIGURE P$&//3 
eral pipes. (b) Repeat the calculations for section B-C. 


For any ot the pipe sections ap = rb 29 , or Ap= Levit 


2. Be r y) . 
(a) Thus, afre=20%he tae F, Ad Aftgp = £0Vat foi Ze, 4 Where Tae = Tat 


Hence, 
Afie /he _ (Vio /Das) 
AP ici i bad ( Vind / Diat ) 
Also 
One = 3Q sothat F Dre Yoa= 3 E Digi Vis or Vag/Viat = 3 (Dig /Dyg) 
Thus, Ea, (1) becomes 


of he ns =|a(put) TY Dig V =g Ibin. 


Be y= 0.548 


LP rat / Iya 


Dag 28in, 


(b) Similarly, for section 8C: 
AP ec bac =teVec f/Dec so that 
Afac/lac _ (Vac /Dac) 
AP rat [at = (Via /Djat) 


Also, 
Qec=SQin , or Vec/Vjat =5 (Diet /Oge) so that Ee.2) becomes 


J : 5 5 <[lbin 
senha, |S(aet) | (e)=25( Sut) =25(e6iey = ps2 


8-H 


8./16 A 2-in.-diameter orifice plate is inserted in a 3-in.- 
diameter pipe. If the water flowrate through the pipe is 0.90 cfs, 
determine the pressure difference indicated by a manometer 
attached to the flow meter. 


Q i C, A, Vee , where 


Also, 
Re = ie , where Vena = 
4 


Thus 
’ _ (4.268) (8 fH) oe | 
“Laioge ~~" Hence, from Fig.B.41 * C= 0.608 


so that, 


0.9 £'=(0,609 F(Z 14 | igh am 
FA on ENC) 


or 
oT a ee | 
Pr “hr =3590 +72 =249 ib, 
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8.1/7 Air to ventilate an underground mine flows through 
a large 2-m-diameter pipe. A crude flowrate meter is constructed 
by placing a sheet metal ** washer’’ between two sections of the 
pipe. Estimate the flowrate if the hole in the sheet metal has a 
diameter of 1.6 m and the pressure difference across the sheet 
metal is 8.0 mm of water. 


2 (0.008 m)(4.80x/0' 2s) 


Yea Com) | 


() 
L46x/p ome 8% Re =1.37x10°V where V~ 2 (2) 
SS 


Trial and error solution 
3 
Assume C,=0.61 so that trom £¢, (1) Q=29.5 (0.6/) = 18.02 


From E9.(2), Re =1,37x10° (5.73) = Z@5 x/0” 


This Re and 6 give O,=0.6/ (see Fig. 8.4%!) which agrees 
with the assumed valve. 


*] 
Ths, Q =/8.0 oe 


8-113, 


or (b) 80°C. 


8.//3 Water flows through a 40-mm-diameter 
nozzle meter in a 75-mm-diameter pipe at a rate VY ¢ 
of 0.015 m*/s. Determine the pressure difference —»/\D=0,075m d=0.04m 
across the nozzle if the temperature is (a) 10 °C, 4 
=U, <> 


f os 
Q=G, An eign where e=4= 
Thus, aes 
3 2 “fa 
0.015 =C,F (0.0%m) fina 


or 
C,, VA-f2 = 8.090% where e~ ke — 
Also, p, = Yb E poo oath We 


~ Fi ae 
a) Assume 7= /0C or frm Table 8.2: ee ; y= 1.307x) 56° 
Thos, _ (3.402)(0.075m) 
1307 x0 

C,, = 0.986 
From Eq.()' 0.986) P,-f. = 8.09( 999. a Or fp, p2= & 73x10% 
Thos, 


=195XI0" so that from Fig.8.43 : 


P, ~b2= 673 kPa 


7 


b) Assume T=80, of trom Table 8.2 10-9718 42, Y =3.65 KIO dm 

Thus mn 

, a es 

Req = Bt0s MO07Sm) _ 6 994105 so that fram Fig. 8-43: 

3.465xj0'° 2 
G, = 0.99) 
b 

From Ee): 0.991 /p-p, = 8.09(971.8)* or gy- py = 6.49 x10 


Thus, 
L122" 648 kPa 


9-1/4 


8.119 Air at 200 °F and 60 psia flows in a 4- 
in.-diameter pipe at a rate of 0.52 [b/s. Determine 
the pressure at the 2-in-diameter throat of a Ven- 
tur! meter placed in the pipe. 


Q=CyAr ie ce where e-¢- ae =0.5 andtQ=0,52 2 wu) 
! in? 
Als, e= fF = (60m MM) 7 gaxig 


3 slug 
RT (1716 £:2)(200+460)"R 
so that ee 


ft® 
= -3 slu ft 
w= 0g = (74ax10 “ae a2.2 8) ee 

US. Din Sees. oe 2 HF soyoh 

Q 0.246 ib, 2.// £ i ZD E (4 #4)? Ss 
Also, from Table 8.3, a 449X190 3 so tha 
Rs eyp (763x107 Fe Yan2F) aH) = /,37x/0% 
4,49 X10 sey 

Hence, from Fig. 8.45, 
OF = 0.98 


Dae eee ae 2/ 2(A-f2) 
ia Ea. (1) 7 Boll =(0.98)4 (Bf) (7.63x10 $142 )(|-0.5*) 
f “fr = 348 LB 7 ax) =0,242 ia, 


Thus, fy, = (60-0.242) psia = 59.76 psia 


S-lls 


8.120 A 2.5-in.-diameter flow nozzle is in- 
stalled in a 3.8-in.-diameter pipe that carries water 
at 160 °F. If the air—water manometer used to 
measure the pressure difference across the meter 
indicates a reading of 3.1 ft, determine the flow- 


Tate. 


Q=Cn dn] BAO ‘ where e=-2 ¥ 220 =0.658 (i) 
From Table B.]: p= =/996 <#E pe , f= g.32x/0° 3 so that 


£YP Me Med fH) 


Re= 
-8 [bes 
x/o 
8.32 “A 


or 
Re = 7.22xI/0 *V, where Y~ £ (2) 


Also, with Q= 2 pty Ea.) becomes (using £2, -f2=oh): 


8HP Y= a[_ 2032.28 (L006 $8)(3.81) | 
H(284P V=C, F(254) Meier (896 SY8)(3.141 


(1.296 sigs )(1-0.658") 


or 
V=6.78C, (3) 


Trial and error solution using Fig. 8.43 for Cn= (Re, @=2658): 
Assume Cy=0.99 From £9.03) V=6.76 (0.99) 26.74 
From £q..(2) Re= 7.22.x/0%(6.7/#) = 4 BYx/0" which tram 


Fig, 8.43 gives C,=0.99 (checks with assumed valve) 
Thos, V=6.272 and Q= HOV = F(22H)(6.71 #) = 0.529 £ 
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8./27 A 0.064 m-diameter nozzle meter is installed in a0.097 m- 
diameter pipe that carries water at 60°C. If the inverted 
air-water U-tube manometer used to measure the pressure dif- 


ference across the meter indicates a reading of 1 m, determine 
the flowrate. 


Ven 
) Q=¢ nt | 2A where e+ d f= oe =0,660 


From Table B.2: 9 = 983.2 44 » Mh = KEESKIO = us so that 
7 eS _ wakboyte 097m) 
Re = y* Hs 
4, 66510 


§ 
Re = 2,04 X10 V, where Vn 


Also, with Q= 


= ' 
(2 §=d=0.06+m 
) = i 


EDV and fp, 20h =pegh= 983.2 2 os (9.8) oN 
= 9.65x10 


equation (1) becomes 


: 3M Ly 
F (0,097 m) V =, 4 (0. oem) | 2 ae ae | 2 


(723.28) (|-0, a0") 
or 


Trial and error solution using Fig, 8.4? for G,=6, (Re, @=0.660) 
Assume Cy = 0.99 From £9.03) V= 2.14 (099) = 2.122 
From Eo,(2) , Re = 2.0%x/0° (2.12) = 4,32x10° which trom 


Fig. ® #3 gives C= 0.99 which checks with the assumed valve. 
Thus V= 2./22 and Q =z T p*V/= F (0.097m)* (2. 22) a0. os7 


S-/17 


8./22 Water flows through the Venturi meter 
shown in Fig. P8./22.. The specific gravity of the 
manometer fluid is 1.52. Determine the flowrate. 


Q=C, A; ae where @=-p =4. 
Also, 


p, toh = f2t 8(L-h) +8S@)h or p,-p,= 5(S6-I)h = 9 (S6-)h 
Hence, 
209(SE-Nh 
Q-G Ay ete oF My 
2 (32.22) (152-1) (4 ft) 
0=C,#(aAy foe sfs- a 


Thus, 
Q=0.1198C, Assume C,=0,98 so that Q=0./198 (0.98)=0.117 
Hence, 


fF 
0.117 
<— =0.5% 1 5, 
Y= ip? “£4 ar” SI6 S that 


Re = VD . (05468 £)(5 ft) 


FF — = 


“ 
Se eS eee! = 2.440 KI0 
i j.aixlo° 


From Fig. 8.45 at this Re , Cy +0.96 #0.98, the assumed valve. 
Hence, assume Cy = 0.96 1 


Qs aired eaturepts 20 , gad Vs Slt =o0.596 2 


Fay 


Therefore, p, = = 288s lia) =2.42x10" so that from Fig. 8.45 


Cy=0.96 Checks with assumed valve. 
3 
Hence, Q= 0.1154 
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8.123. Water flows through the orifice meter shown in 
Fig. P8/23 at arate of 0.10 cfs. If d = 0.1 ft, determine the 


value of A. 


FIGURE P 8. 123 


Q= = CoA SEBS where e=¢= By 728 » fr -faz=th=egh = w 


Alsa e. 
SO “BP Fa =%5ef 0 that 


Re = Vo. (aseE et) = 6.3/X/0" Hence. from Fig. B.4l  C,=0.616 
1.2)x/0° : 


7 
There site from Eq. (1): 


2ft)p 
0.10 ” =(0.6/6) B(o.iny: 2a or h=5.774f 
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8/241 Water flows through the orifice meter shown in 
Fig. P8./23 such thath = 1.6 ft withd = 1.5in. Determine the 
flowrate. 


FIGURE P8. /2 | 
Q= CAs Be 5 d= £5! «0.75 and py-fa=8h= eGh 
Thus, 


L 
: 2. 2 e(62.24¢)(1, 61) |]? 
Q = C, (LEH) 0 (1- 0.757) | 


2 VD. VIBHA) _ sex io%y Pn 
V 21x10 1, , where V Eo Y -BQ 


Trial and error solution: 
Assume C, = 0. 6; or trom Eq.1), Y = 6/51 (0.6) = 0.09.06 le 
Hence, from £9.(2), V=45.8(0.0906)= 4/5 and Re =$.73x/0% 
From Fig. 8.41 with tis Re and 8, C,=0.62#0.6 (the assumed valve) 


Assume C,= 0-62 or W=0151(0.62) = 0.0936 a Thus V=¥5.8 (0.0936) 
or V=4.29F and Re=5.92x10", from Fig, B41, C,=0.62, the 
assumed Valve. 

Hence, Y= 0.09736 & 


8.12S The scale reading on the rotameter shown in Fig, P8.125 
and Video V8.14 (also see Fig. 8.46) is directly proportional to the 
volumetric flowrate. With a scale reading of 2.6 the water bubbles 
up approximately 3 in. How far will it bubble up if the scale read- 


ing is 5.0? . 


@ FIGURE PS. 1as 


; Ve 2 V2 
ft +z, th -h = EB 42, ‘A 


where 


pi =fo=9, =, <0 sothal with no losses (hz <0) 


2 
(1) zs =2Z, 
For the rolameter Q=K«SR_ where SR =scale reading anid 
Thue K 1's a constanf 
y= B= HER 0 that when combined with &. 0) 
K*(sRy K*(2.6)° k2¢s.o 
A;*(24) =Z, or 4 (: (29) 7 ff) ana A, fh, (2g) * =/ 
By dividing these two equations, 
2 
20 gape or h=0.925 ft =//L/in. 


(2.69> (AF) 


a! 


8.42G Friction Factor for Laminar and Transitional Pipe Flow 


Objective: Theoretically, the friction factor, f; for laminar pipe flow is given by 
f = 64/ Re, where the Reynolds number, Re = pVD/p, is based on the average velocity, V, 
within the pipe and the pipe diameter, D. Also, the flow is normally laminar for Re < 2100. 
The purpose of this experiment is to use the device shown in Fig. P8.126 to investigate these 
two properties. 


Equipment: Small diameter metal tubes (pipes), air supply with flow regulator, rotame- 
ter flow meter, manometer. 


Experimental Procedure: Attach a tube of length L and diameter D to the plenum. Ad- 
just the flow regulator to obtain the desired flowrate as measured by the rotameter. Record 
the manometer reading, h, so that the pressure difference between the plenum (tank) and the 
free jet at the end of the tube can be determined. Repeat for several different flowrates and 
tube diameters. Record the barometer reading, Hy,,, in inches of mercury and the air tem- 
perature, 7, so that the air density can be calculated by use of the perfect gas law. 


Calculations: For each of the data sets determine the pressure difference, Ap = yh, 
between the plenum pressure and the free jet pressure. Here y,, is the specific weight of 
the manometer fluid. Use the energy equation, Eq. 5.84, to determine the friction factor, 7. 
Assume the loss coefficient for the pipe entrance is K, = 0.8. Also calculate the Reynolds 
number, Re, for each data set. 


Graph: Ona log-log graph, plot the experimentally determined friction factor, f, as ordi- 
nates and the Reynolds number, Re, as abscissas. 


Results: On the same graph, plot the theoretical friction factor for laminar flow, 
f = 64/Re, as a function of the Reynolds number. Based on the experimental data, determine 
the maximum value of the Reynolds number for which the flow in these pipes is laminar. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Rotameter 


w FIGURE P8./2G 


(con't) 


S-/22. 


|_ 8.426 | (con't) 


Solution for Problem 8./26: .Friction Factor for Laminar and Transitional Pipe Flow 


L, in. 
24 


h, in. 


Hatm, in. Hg 
28.9 


Q, ml/min 


D = 0.108 in. Data 


19 
6.75 
6.26 
5.54 
4.66 
4.29 
3.92 
3.48 
3.21 
2.34 
1.86 
Let 
0.63 


6600 
6200 
6000 
5650 
5150 
5000 
4860 
4600 
4500 
3700 
2900 
1800 
1100 


D = 0.046 in. Data 


9152 
7.68 
7.08 
5.26 
3.39 
2.61 


560 
475 
425 
315 
221 
165 


D = 0.063 in. Data 


4.58 
3.32 
2:51 
1.48 
0.86 


925 
680 
530 
325 
190 


P = Patr/RT where 


Thus, p = 0.00223 slug/ft*3 and y = p*g = 0.0718 tb/ft*3 
Also, p = 3.83E-7 lb s/ft*2 


Theoretical for laminar flow: f = 64/Re = 64/(pDV/p) 


T,degF 
73 


Q, cfs 


0.003887 
0.003652 
0.003534 
0.003328 
0.003033 
0.002945 
0.002863 
0.002709 
0.002651 
0.002179 
0.001708 
0.001060 
0.000648 


0.000330 
0.000280 
0.000250 
0.000186 
0.000130 
0.000097 


0.000545 
0.000401 
0.000312 
0.000191 
0.000112 


V, fps 


Glia 
57.40 
55.55 
52.311 
47.68 
46.29 
45.00 
42.59 
41.66 
34.26 
26.85 
16.67 
10.18 


28.58 
24.24 
21.69 
16.08 
11.28 
8.42 


25.17 
18.50 
14.42 
8.84 
Si? 


Re 


3202 
3008 
2911 
2741 
2499 
2426 
2358 
2232 
2183 
1795 
1407 
873 
534 


638 
541 
484 
359 
252 
188 


770 
566 
441 
270 
158 


Patm = YH20"Hatm = 847 Ib/ft*3*(28.9/12 ft) = 2040 Ib/ft*2 
R = 1716 ft ib/slug deg R 
T = 73 + 460 = 533 degR 


Theoretical 

Re f 
100 0.6400 
2100 0.0305 


Ap/y = (fL/D + K, + 1)(V“2/2g) where K, = entrance loss coefficient = 0.8 and V = Q/(xD*2/4) 


(con't) 


§~123 


(con't) 


Problem 8, / 26 
Friction Factor, f, vs Reynolds Number, Re 


- 

0.10 
@ Experimental, D = 0.108 in. 
@ Experimental, D = 0.046 in. 
@ Experimental, D = 0.063 in. 

— Theoretical, laminar 
0.01 
100 1,000 10,000 
Re 
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8./27 Calibration of an Orifice Meter and a Venturi Meter 


Objective: Because of various real-world, nonideal conditions, neither orifice meters nor 
Venturi meters operate exactly as predicted by a simple theoretical analysis. The purpose of 


this experiment is to use the device shown in Fig. P8./27 to calibrate an orifice meter and a 
Venturi meter. 


Equipment: Water tank with sight gage, pump, Venturi meter, orifice meter, manometers. 


Experimental Procedure: Determine the pipe diameter, D, and the throat diameter, d, 
for the flow meters. Note that each meter has the same values of D and d. Make sure that the 
tubes connecting the manometers to the flow meters do not contain any unwanted air bubbles. 
This can be verified by noting that the manometer readings, h,, and h,, are zero when the sys- 
tem is full of water and the flowrate, Q, is zero. Turn on the pump and adjust the valve to 
give the desired flowrate. Record the time, f, it takes for a given volume, V, of water to be 
pumped from the tank. The volume can be determined from using the sight gage on the tank. 
At this flowrate record the manometer readings. Repeat for several different flowrates. 


Calculations: For each data set determine the volumetric flowrate, Q = V/t, and the pres- 
sure differences across each meter, Ap = y,,h, where y,, is the specific weight of the manome- 
ter fluid. Use the flow meter equations (see Section 8.6.1) to determine the orifice discharge 
coefficient, C,, and the Venturi discharge coefficient, C,, for these meters. 


Graph: Ona log-log graph, plot flowrate, Q, as ordinates and pressure difference, Ap, as 
abscissas. 


Result: On the same graph, plot the ideal flowrate, Qj4.4; (see Eq. 8.37), as a function of 
pressure difference. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 
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Solution for Problem 8.]27': Calibration of an Orifice Meter and a Venturi Meter 


d, in. D,in. V, gallons 


Ideal 
0.625 C=1 


{ve in. in. Ap,, Ib/ft*2 Ap,, b/ft*2 Q, ft/s on C, Ap, Ib/ft*2 
27.0 48.4 19.8 0.0099 0611 0956 18.0 
13.2 192.9 75.4 0.0203 0626 1.001 75.5 
34.2 28.6 9.9 0.0078 0.627 1.067 14.2 
16.6 ; 124.3 52.5 0.0161 0620 0953 477 
12.0 ; 224.6 94.1 0.0223 0638 0985 914 
17 ’ : 266.8 112.8 0.0229 0600 0923 #961 
15.4 145.1 58.2 0.0174 0.618 0.976 55.5 
25.1 52.5 21.8 0.0107 0631 0.978 20.9 
20.4 ; 76.4 32.2 0.0131 0643 0990 316 
17.3 A44ve 45.2 0.0155 0629 0986 44. 
15.7 ; 138.8 58.2 0.0170 0620 0.957 53.4 


Average discharge coefficient 0.624 0.979 


orifice venturi 
Q=V gal/ts x (231 in.*3/gal)x(1 ft*3/1728 in.*3) 


AP = Yu20*h = 62.4 Ib/ft*3 *h ft 


Qy =Ag/[1 - (Az/A1)*2]*0.5*C,*(2*g* AP, /Y3420)*0.5 
and 

Qo =Az/{1 - (A2/A1)*2)*0.5"C*(2*g*APo/¥420)*0.5 
where 

A, = 2 D42/4 = x (1.025/12 ft)*2/4 = 0.00573 ft*2 
and 

A, = 1 d42/4 = n (0.625/12 ft)*2/4 = 0.00213 ft*2 


SS 
Problem 8/27 
Flow Rate, Q, vs Pressure Difference, Ap 


« Experimental, orifice 
ws Experimental, venturi | 
——Theory, C = 1 


100 
Ap, Ib/ft*2 
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8.428 Flow from a Tank through a Pipe System 


Objective: The rate of flow of water from a tank is a function of the pipe system used 
to drain the tank. The purpose of this experiment is to use a pipe system as shown in 
Fig. P8.12% to investigate the importance of major and minor head losses in a typical pipe 
flow situation. 


Equipment: Water tank; various lengths of galvanized iron pipe; various threaded pipe 
fittings (valves, elbows, etc.); pipe wrenches; stop watch; thermometer. 


Experimental Procedure: Use the pipe segments and pipe fittings to construct a suit- 
able pipeline through which the tank water may flow into a floor drain. Measure the pipe di- 
ameter, D, and the various pipe lengths and note the various valves and fittings used. Mea- 
sure the elevation difference, H, between the bottom of the tank and the outlet of the pipe. 
Also determine the cross-sectional area of the tank, Ajan,- Fill the tank with water and record 
the water temperature, 7. With the pipeline valve wide open, measure the water depth, A, in 
the tank as a function of time, #, as the tank drains. 


Calculations: Calculate the experimentally determined flowrate, Q.,, from the tank as 
Qe. = —Ajgy, dh/dt, where the time rate of change of water depth, dh/dt, is obtained from 
the slope of the A versus t graph. Select a typical water depth, A), for this calculation. 


Graph: Plot the water depth, A, in the tank as ordinates and time, ¢, as abscissas. 


Results: For the pipe system used in this experiment, use the energy equation to calculate 
the theoretical flowrate, Q,,, based on three different assumptions. Use the same typical water 
depth, /,, for the theoretical calculations as was used in determining Q,,. First, calculate Q,, 
under the assumption that all losses are negligible. Second, calculate Q,, if only major losses 
(pipe friction) are important. Third, calculate Q,, if both major and minor losses are important. 


Data: To proceed, print this page for reference when you work the problem and ctick here 
to bring up an EXCEL page with the data for this problem. 


Fittings 


@ FIGURE P8.'/2P 


(con't) 
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(cont) 


Solution for Problem 8.128: Flow froma Tank Through a Pipe System 


The pipe is galvanized iron with threaded fittings. 
The system contains: 


D, in: 
0.595 


h, ft 
1.00 
0.90 
0.80 
0.70 
0.60 
0.50 
0.40 


one sharp edged entrance 
one fully open globe valve 
two 45-deg elbows 
four 90-deg elbows 


Ataaca ttez H, ft Total pipe length, in. T, deg F 
0.654 1.00 135 Tal 


Experimental: Qe, = -(dh/dt)*Azank = -(0.0074 ft/s)*(0.654 ft*2) = 0.00484 ft*3/s 


Theoretical with no losses: Q,, = V2*A2, where when h = 0.90 ft 


V2 = (2g*(h + H))40.5 = (2*32.2*(0.9 +1.0))*0.5 = 11.06 ft/s 
and with A, = 1D‘2/4 = 11*(0.595/12 ft)*2/4 = 0.00193 ft*2 
Qm = 0.00193 ft*2*(11.06 ft/s) = 0.0213 ft43/s 


Theoretical with major losses: Qin, = V2*A2, where the energy equation gives 


h+H= V~7/29(1 + fL/D), where again use h = 0.90 ft and f is a function of Re and ¢/D 
Thus, with h = 0.90 ft, 
1.9 = (V7/64.4)*(1 + f*135/0.595), or 
122.4 = V,**(1 + 227f) 
Re = V2D/v = V2*(0.595/12 ft)/(1.04E-5 ft*2/s) = 4768*V, 
and 
e/D =0.0005 ft(0.595/12 ft) = 0.0101 
Trial and error solution’ Guess f, solve for V2, calculate Re, obtain new f from Moody chart 
The solution is: f= 0.041, V, = 3.44 ft/s, Re = 16,430 
Qy, = 0.00193 ft*2*(3.44 ft/s) = 0.00664 ft*3/s 


Theoretical with major and minor losses: The energy equation gives 


h+H=(1 +fUD +2K,)V2"/29 

where ZK, = 0.5 + 10 + 2*0.4 + 4*1.5 =17.3 

Thus, with h = 0.9 ft 

1.9 = (V7/64.4)*(17.3 + *135/0.595), or 

122.4 =V."*(17.3 + 227f) 

Trial and error solution gives’ f = 0.42, V2 = 2.14 ft/s, Re = 10,200 
Qi, = 0.00193 ft*2*(2:14 ft/s) = 0.00413 ft*3/s 


* As an altemate solution method, use the Colebrook equation (Eq. 8.35) rather than the Moody chart (Fig. 8.20) and 
use a computer root-finding technique to salve the equation. 


(cont) 
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Problem 8.123 
Water Depth, h, vs Time, s 


¢ Experimental | | 
|j——— Linear hvst | | 
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8.129% Flow of Water Pumped from a Tank and 
through a Pipe System 


Objective: The rate of flow of water pumped froma tank is a function of the pump prop- 
erties and of the pipe system used. The purpose of this experiment is to use a pump and pipe 
system as shown schematically in Fig, P8.J2 ?to investigate the rate at which the water is 
pumped from the tank. 


Equipment: Water tank; centrifugal pump; various lengths of galvanized iron pipe; various 
threaded pipe fittings (valves, elbows, unions, etc.); pipe wrenches; stop watch; thermometer. 


Experimental Procedure: Use the pipe segments and pipe fittings to construct a suit- 
able pipeline through which the tank water may be pumped into a sink. Measure the pipe di- 
ameter, D, and the various pipe lengths and note the various valves and fittings used. Mea- 
sure the elevation difference, H, between the bottom of the tank and the outlet of the pipe. 
Also determine the cross-sectional area of the tank, A,,,. Fill the tank with water and record 
the water temperature, 7. With the pipeline valves wide open, measure the water depth, A, in 
the tank as a function of time, ft, as water is pumped from the tank. 


Calculations: Calculate the experimentally determined flowrate, Q,,, from the tank as 
Qex = —Atany @h/dt, where the time rate of change of water depth, dh/dt, is obtained from 
the slope of the hk versus f graph. 


Graph: Plot the water depth, 4, in the tank as ordinates and time, r, as abscissas. 


Results: For the pipe system used in this experiment, use the energy equation to calcu- 
late the pump head, h,, needed to in order to produce a given flowrate, Q. For these calcu- 
lations include all major and minor losses in the pipe system. Plot the system curve (i.e., 
pump head as ordinates and flowrate as abscissas) based on the results of these calculations. 
On the same graph, plot the pump curve (i.e., h, as a function of Q) as supplied by the pump 
manufacturer. For the pump used this curve is given by 


h, = -2.44 x 10° Q? + 51.0Q - 12.5 


where Q is in ft?/s and h, is in ft. From the intersection of the system curve and the pump 
curve, determine the theoretical flowrate that the pump should provide for the pipe system 
used. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


@ FIGURE P8./29 


(con't) 
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Solution for Problem 8.12%: Flowrate of Water Pumped from a Tank and Through a Pipe System 


The pipe is galvanized iron with threaded fittings. 
The system contains: 

one sharp entrance 

eight 90-deg elbows 

two 45-deg elbows 

two globe valves 

one union 


D, in. Atank: ft*2 H, ft Total pipe length, in. T, deg F 
0.625 0.647 3.50 242 62 


Pump equation System equation 
t,s hp, ft Q, ft*3/s Re 
0 12.50 0.000 0 

(16 12.31 0.001 2070 
16.1 11.63 0.002 4140 
25.2 10.46 0.003 : 6210 
32.3 8.80 0.004 : 8281 
40.8 6.66 0.005 : 10351 
48.9 4.02 0.006 12421 
Silat 0.90 0.007 ; 14491 
65.7 
74.9 
82.7 

Experimental: 

Qe, = -Atan*(dh/dt) where from the graph, dh/dt = -0.1204 in./s 

Thus, 

Q,, = -(0.647 ft*2)*(-0.1204/12 ft/s) = 0.00669 ft*3/s 


Theoretical: 

The energy equation gives 

h +h, - h, = H +V7/2g, where 

h, = (fL/D + DK,)*V2/2g = (f*(242 in./0.625 in.) + 0.5 + 8*1.5 + 2*0.4 + 2°10 + 0.08)*V7/2g 
= (387*f + 33,4)*V7/(2*32.2) = (6.01*f + 0.519)*V? 

Thus, with h = 18 in. = 1.5 ft, 

ho=H-h+h, +V7/2g =3.5- 1.5 + (6.01"f + 0.519)*V’ + V7/(64.4) 

or 

h, = 2.0 + ( 6.01*f + 0.535)*V" 

But V = Q/A = Qi(nD7/4) = Qi(n*(0.625/12 ft)*2/4) = 469°Q 

Thus, the system equation is 

h, = 2.0 + ( 6.01*f + 0.535)*(469"Q)° = 2.0 + (1.32E+6"*f + 1.18E+5)*Q? 

Also, obtain f from the Moody chart with 

Re = VD/v = V*(0.625/12 ft)/(1.18E-5 ft*2/s) = 4414*V 

e/D = 0.0005 ft/(0.625/12 ft) = 0.0096 

From the graph, the pump and system equations intersect at Q,, = 0.0051 ft*3/s 
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Problem 8./27 
Water Depth, h, vs Time, t 


Problem 8./29 
Pump Head, hp, vs Flowrate, Q 


—@®— Pump cure 
—#— System curve 


TI 
| hl 
TN 


BEDS 
SR SSeS See RP aSSh'a 
fsb a flea sa alts fees Pale mitteny a 
SQ aaa tee 


0.000 0.002 0.004 0.006 0.008 
Q, ft*3/s 
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8.130 Pressure Distribution in the Entrance Region of a Pipe 


Objective: The pressure distribution in the entrance region of a pipe is different than that 
in the fully developed portion of the pipe. The purpose of this experiment is to use an ap- 
paratus, as shown in Fig. P8.13@ to determine the pressure distribution and the head loss in 
the pipe entrance region. 


Equipment: Air supply with flow meter, pipe with static pressure taps, manometer, ruler, 
barometer, thermometer. 


Experimental Procedure: Measure the diameter, D, and length, L, of the pipe and the 
distance, x, from the pipe inlet to the various static pressure taps. Adjust the flowrate, Q, to 
the desired value. Record the manometer readings, h, at the various distances from the pipe 
entrance. Record the barometer reading, H,,, in inches of mercury and the air temperature, 
T, so that the air density can be calculated by use of the perfect gas law. 


Calculations: Determine the average velocity, V= Q/A, in the pipe and the pressure 
P = Ymh at the various locations, x, along the pipe. Here y,, is the specific weight of the 
manometer fluid. 


Graph: Plot the pressure, p, within the pipe as ordinates and the axial location, x, as 
abscissas. 


RESULT: Use the graph to determine the entrance length, L., for the pipe. This can be 
done by noting the approximate location at which the pressure distribution becomes linear 
with distance along the pipe (i.e., where dp/dx becomes constant). Use the experimental data 
to determine the friction factor for fully developed flow in this pipe. Also determine the en- 
trance loss coefficient, Kyent: 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


> 
h 
ch 

Water 


Static pressure 


set 


,-—______—_—__ 


@ FIGURE P8.130 
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Solution for Problem 8.130: Pressure Distribution in the Entrance Region of a Pipe 


D, in. L, in. Q, ft*3/s  Hatm. in. Hg = T, deg F 
0.74 50 0.481 29.7 75 
x, in. h, in. p, Ib/ft*2 

0 9.98 51.9 

1 7.21 37.5 

2 6.61 34.4 

4 6.19 32.2 

6 5.82 303 

10 5.15 26.8 

15 4.23 22.0 

20 3.64 18.9 

30 2.28 11.9 

40 1.09 5.7 

50 0 0.0 


P = Patm/RT where 
Patm = YHg"Hatm = 847 Ib/ft*3*(29.7/12 ft) = 2096 Ib/ft*2 
R = 1716 ft Ib/slug deg R 
T= 75 + 460 = 535 degR 

Thus, p = 0.00228 slug/ft*3 

V = Q/A =(0.481 ft*3/s)/(n*(0.74/12 ft)*2/4) = 161 ft/s 

P = YH20"h 


From the graph, the p vs x results are linear after (approximately) x = 15 in. Thus, L, = 15 in. 


For the fully developed flow portion, dp/dx = -fpV*2/2D and from the graph dp/dx = -0.635 (Ib/ft*2)/in. 
Thus, 
f = 0.635 (Ib/ft*2)/in.*2*0.74 in./(0.00228 slugs/ft*3*(161 ft/s)*2) = 0.0159 


From the entrance to the exit of the pipe pen = (K, + fL/D)pV*2/2 

Thus, 
K. = 2Pen/(pV*2) -fL/D= 2*51.9 Ib/ft*2/(0.00228 slugs/ft*3*(161 ft/s)*2) - 0.0159*50in./0.74 in. 
=0.682 


Results: L, = 15 in.; f = 0.0159, and K, = 0.682. 


(con’t) 
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Problem 8.130 
Pressure, p, vs Axial Location, x 


@ Experimental 


A fully developed flow 


— Linear (fully developed | | 
flow) 


p = -0.635x + 31.4 
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8.131 Power Loss in a Coiled Pipe 


Objective: The amount of power, P, dissipated in a pipe depends on the head loss, hy, 
and the flowrate, Q. The purpose of this experiment is to use an apparatus as shown in 
Fig. P8.131 to determine the power loss in a coiled pipe and to determine how the coiling 
of the pipe affects the power loss. 


Equipment: Air supply with a flow meter; flexible pipe that can be used either as a 
straight pipe or formed into a coil; manometer; barometer; thermometer. 


Experimental Procedure: Straighten the pipe and fasten it to the air supply exit. Mea- 
sure the diameter, D, and length, L, of the pipe. Adjust the flowrate, Q, to the desired value 
and determine the manometer reading, h. Repeat the measurements for various flowrates. 
Form the pipe into acoil of diameter d and repeat the flowrate-pressure measurements. Record 
the barometer reading, Hy,,, in inches of mercury and the air temperature, 7, so that the air 
density can be calculated by use of the perfect gas law. 


Calculations: Use the manometer data to determine the pressure drop, Ap = ymh, 
and head loss, h, = Ap/y, as a function of flowrate, Q, for both the straight and coiled 
pipes. Here ¥,, is the specific weight of the manometer fluid and y is the specific weight of 
the flowing air. Also calculate the power loss, P = yQh,, for both the straight and coiled 
pipes. 


Graph: Plot head loss, h,, as ordinates and flowrate, Q, as abscissas. 


Results: On a log-log graph, plot the power loss, P, as a function of flowrate for both the 
straight and coiled pipes. Determine the best-fit straight lines through the data. 


Data: Toproceed, print this page for reference when you work the problem and click diwre 
to bring up an EXCEL page with the data for this problem. 


Air supply 


aa: mH FIGURE P8.13] 


(con’d) 
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Solution for Problem 8.13]: Power Loss in a Coiled Pipe 


D, in. Ltt Ham in. Hg = T, deg F 
1.44 18° 29.9 80 
h, in. Q, ft*3/s Ap, Ib/ft*2 
Straight Pipe Data ( = infinity) 
10 1.19 52.0 
8 1.06 41.6 
6 0.913 S22 
4 0.731 20.8 
2 0.505 10.4 
Coiled Pipe Data (d = 8 in.) 
10 0.835 52.0 
8 0.745 41.6 
6 0.641 ily 
4 0.517 20.8 
2 0.357 10.4 


AP = yooh where yu29 = 62.4 Ib/ft*3 


h_ = Ap/y where y =gp 


P = Patm/RT where 


Patm = YHg"Hatm = 847 Ib/ft*3*(29.9/12 ft) = 2110 Ib/ft*2 


R= 1716 ft Ib/slug deg R 
T = 80 +460 =540 deg R 


Thus, p = 0.00228 slug/ft*3 and y = 0.0733 Ib/ft*3 


P = (yQh,)ft Ib/s*(1 hp/550 ft Ib/s) 


(con?) 
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hy, ft 


709 
568 
426 
284 
142 


709 
568 
426 
284 
142 


8,131 
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Problem 8./3 / 
Head Loss, h,, vs Flowrate, Q 


— Straight pipe 
—# Coiled pipe 
0 O05 1 dy 


5 


Q, ft*3/s 


Problem 8./3/ 
Power, P, vs Flowrate, Q 


@ Straight Pipe 


@ Coiled Pipe 
(coiled) 


Power (Straight 
Pipe) 

— — — Power (Coiled 
Pipe) 


P = 0.0679Q?°" 
(straight) 


1 10 
Q, ft*3/s 
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9.2 A thin square is oriented perpendicular to the upstream 
velocity in a uniform flow. The average pressure on the front side 
of the square is 0.7? times the stagnation pressure and the average 
pressure on the back side is a vacuum (i.e., less than the free stream 
pressure) with a magnitude 0.4 times the stagnation pressure. 
Determine the drag coefficient for this square. 


The drag Car be determined vy 
Summing the pressure forces. ce 


= BA-TA 
= O.1apY)A — (-0.4)(zpU*A 
The pressure On the rear is in Vacuum 
$o is negative. 


B= 1.1 (apV JA tp 
So, | / 
Cp et A. 


9.3 A small 15-mm-long fish swims with a 
speed of 20 mm/s. Would a boundary layer type 
fiow be developed along the sides of the fish? 


Explain. 


,or with Le /Sx/o" “m , Ux 20x10 72 and 
v= hI2xio' les @,, IS.5 a 


piu Cou Eieyea) = 269 This Reynolds number is not 
: large enough to have _irve bondary 
: layer type flow. (Re */000 is otten 


assumed to be the lower limit.) 


LS ae 


Pave = ~1.2 KN/m? 
Taye = 5.8 x 1072 kNim2 
|° 944 ‘The average pressure and shear stress acting on the surface 
ef the 1-m-square flat plate are as indicated in Fig. P9.4 U 
Determine the lift and drag generated. Determine the lift and ago 
if the shear stress is neglected. Compare these two sets of résults, 


Paye = 2.3 kNém?Z 
Tae = 7.6 x 107-2 kKNém? 


BFIGURE Po4 


Since 6p dA= PyyeA and §%dA= Tye A it follows that 


T= -,4, sink +, A, sino +7 A, cosk +% A, cosa 
or with A,=Az =/m* and &= 7° 


= A, sind (p-p) +h, cosa +) 
= Un) sin?” (2.3~(-1.2)) #4 +(tm*) cos7(S.8x/0* + 26x10 2) Ae 
=0.427KN + 0./33 kN = 0.560 kN 

Note, if shear stress is neglected LJ =0.427kN (ce, % 


$ 


=T =Q) 
Also, L=-p,4, cosx +p, A, cosX - GA, sink -% Ay sink 
L= A, cost (p,- p,) -A, sina (G+) 


(1m?) cos 7°(2.3 - (-1.2)) 18 S —(lm) sin7?(S.8x10 7+ 26x10 2) kiy 
= 3.47 kN - 0.0163 kN = 3.Y5 kN 


Note, if shear stress is neglected X= 3.47kN 


MN 


Note: If the general expressions Lf = ‘ f) cos0 df +(% sm dA 
and L=-Sp sinodA +f % cos dA are use, be careful about 
the signs jnvolved. On the ypper surtace ~ ~LaAR 

9,= 97° and p and % are positive as indjcated Ralph? 7 

in the figure. On the lower surface 0,= 277° 

and. p and %, are positive as indicated in the — 


lower figure. Cw p 
For example, with ths notation %<O on the lower surtsce. (1, - - 
x =-(-12 me si0 97° (In) ~ (2.2 #e KM ) 55n 277° (1m) O,.= 277 


+ (Senio? | COS 97°(1m*) +(-7.6x10 AM) c0s277"(|m*) 
= B45 kN , as obtained above. 


*q 5 


p= ~5 kN/m* 


*9,5 The pressure diswibution on the 1-m-diameter. circular 
disk in Fig. P9.5 is given in the table. Determine the. drag on 


the disk. 
ee 
FIGURE P9.5 
<8 
= ( pdA i pda = “f p(2mrdr) — p, £07, since dA =2Trdr 
Pep 
Thus, 0.5m | 0.5 


= am pr dr “(of FE Un?) ae haa 


| ” where fp~ m i yrvm 
Evaluate the integral aealel USiNg the following integrand? 


- lim ae kN/m HP Neat p (kN/m’) 


(0) 4.34 
ee 6. ie 0.05 4.28 
0.10 4.06 
0.10 0.406 0.15 3.72 
0./5 0.558 : 0.20 3.18 
0.20 0.620 ee 578 
0.25 0.695 0.30 2.37 
0.30 0.711 0.35 1.89 
0.35 0.662. } 0.40 1.41 
0.40 0.566. | 0.45 0.74 
O.F-S5 0-333 0.50 0.0 


0.50 0.000 ; SS Se 


Using a standard were integration technique with the abve 
integrand gives 7 = 5. 43 esa 
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9.4 | When you walk through still air at a rate 
of 1 m/s, would yeu expect the character of the 

__ air flow around you to be most like that depicted 
in Fig. 9.6a, b, or c? Explain. 


Re= Ub ; where Y= = 148 x/o7 Be and P= fF, Assume £*/m, 


CB) Um) 
146 xjo* 


= 6,95x10" This flow has a large enovgh Reynolds 
number to develop a boundary Sayer. 
Thus, viscous effects would not be 
important far from your body , except 
in the wake region behind you. 


Note? The above conclusion is true whether we assume L=/m, L=2m, 
£2 0.1m, of sone other qeenions characteristic length of 


our body, 
The flow vaold be most like that in Fig. 4. Fig. 9.6 ¢. 


ral 


9.7 A 0.10 m-diameter circular cylinder moves through air 
with a speed U. The pressure distribution on the cylinder’s 
surface is approximated by the three straight line segments 
shown in Fig. P9,7 Determine the drag coefficient on the 
cylinder. Neglect shear forces. 


40 60 80 100 120 140 160 180 


FIGURE P9.7 


d= (pbr cos@ do = br (pcos@ do 
T 
or. r 
= 2br| 6 dé 
or an 


Break up the integration into the following 


three segments : 
) 0sO0¢70 =/222/rad woe 


= -7.39 643 Xv, 7 where O~rad. 
i 
ie. pl +3 and gl] =-6 
6=0 


921222 


2) 70's p<l00° or 1,222<6<1.7%5 rad where 
p) = 8.599 -/6.5 £6 where O~rad 


m*a 
ie. pl =-6 and pl =-15 
CRenee O=/.74%5 
and 
2) 100°<p </80° or 1745 <0<3. ‘rad where 
p ahs yn 
Thus, a joo° 1g0° 


Lh, = - abr[ { pon0 49 ae Oh altel =2br[T, +L+L) @ 


where 


(con't) 


9.7 |(con'#) 


Leae L222 
sa J (~ 7396 +3) cos dO =[-7.39(cas +8 sin6) +3 sinb| 0.7 
74s O L745 
Lg = ( (8.599 - /6.5) cos do =[8.54(cos@ +9 sind - 16.5 sin @| =-0.260 
1.222 
and 3.14 3.14 pace 
I= ( 5)c0s0 dO = -1.5 sino| = = /,477 
1745 1745S 
Hence, 


dy = 2brl0.741 - 0,260 +1477] = 0.852 br 
or ae 
mee _ 0.852br_  _ 0.426 
oF pun ~ £eu*(zbr) £ 00? 
But the pies es at 8=0, the stagnation point, is 3m. 
Thus, $p0"23% 50 that 


NO 


Cy = i a = O, /4- 


9.8 | 


4.3 Typical values of the Reynolds number for various an- 


imals moving through air or water are listed below. For which (a) large whale 10 m/ S 300,000,000 
cases is inertia of the fluid important? For which cases do vis- —_(b) flying duck 20 m/s 300,000 
cous effects dominate? For which cases would the flow be lam- _—(c) ‘large dragonfly 7 m/s 30,000 
inar; turbulent? Explain. (d) invertebrate larva 1 mm/s 0.3 
~. (e) bacterium 0.01 mm/s 0.00003 


Inertia important if Re/ (é.e whale, duck, dragonfly) 
Viscous effects dominate if Res! (¢.e larva , bacterivm) 


Boundary layer How becomes turbulent for Ke on the 
order of 10° to 10°(2.e. whale and perhaps the duck) 
The flow would be laminar for the dragonfly, larva, and 


bacterivm and perhaps the duck 
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9. 1A 


9.12 Water flows past a flat plate that is oriented parallel to the flow 
with an upstream velocity of 0.5 m/s. Determine the approximate 
location downstream from the leading edge where the boundary layer 
becomes turbulent. What is the boundary layer thickness at this 
location? 


Recp = §x/0* = Uae 


¢. = Sa 
Xr > Sxi0%x _ Exlo (1a M0 “) = lA m 


Ww 05%, 
~~ £ alt = 10¢¢, pe" ar? 
f= 5/ZK - 5 [een MB Lele 


0.56 


= VAL: x/0~ 7m 


rs 
4 I 


Nae? 


4. 3. - A viscous fluid flows past a flat plate such 
that the boundary laver thickness at a distance 
1.3 m from the leading edge is 12 mm. Determine ~ 
the boundary layer thickness at distances of 0.20, 
2.0, and 20 m from the leading edge. Assume 
laminar flow. 


For laminar flow &=CYXx , where C is @ constant. 


RELI 2x10" = 0.0105 or 6 = 0.0105 Vx where X~m,g~m 


{I> If the upstream velocity of the flow in 
Problem 9.13 is U = 1.5 m/s, determine the ki- 
nematic viscosity of the fluid. 


For laminar flow b= 5 Oe ae i use 


Thus, 


52 Z 
je it )(12x10°m 


5 (1.3m) 


_ 2 
= 6.65X/0 a) 
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9.15 Water flows past a flat’plate with an upstream velocity 
of U = 0.02 m/s. Determnine the water velocity a distance of 
10 mm from the plate at distances of x = 1.5 mandx = 15 m~ 
from the leading edge. 


From the Elasivs solution for boundary nah Flow on a flat plate, 


u=U fl ee where 1, the similarity variable, 
n= Yor Values of f(y) are given in 7 9.1, 


60. 02. / 
Since ae We ne Tee = 2.68 x/07 Is less than the 
critical Reg =§ x/0° it follows that the boundary layer Flow is lamrnar. 


Ai X=h5m and y= J0x10m we obtain: 


mr) 0.02 2 
= 4s = /,04) 
", (10x10 (L12x10 LE) (1.5m) 


Linear interpolation from Table %/ gives: 


/ 0.3938 -0,2647) 
f = 0.2647 + (03998 eee (1.09) -a8) 


Hence, 
u, =U 


Similarly, at X,* 15m and =/0x10°m we obtain’ 
F 0.02.6 
Mp = (10x19 mm) aK ER) (Spy) = 0-345 
s 


Linear interpolation from Table 9.1 gives: 


(0.4328 -0.0) _ 
0.0 t “Tae 708) (0.345 -0,0) = 0, /145 


f(y) =(0,02 #) (0.359) = 0.00718 


Hence, 
4 
) “Uf (n,) = (0.02 20.1145) = O. 00224 


9.16 Approximately how fast can the wind 
blow past a 0.25-in.-diameter twig if viscous ef- 
fects are to be of importance throughout the en- 
tire flow field (i.e., Re < 1)? Explain. Repeat for 
a 0.004-in.-diameter hair and a 6-ft-diameter 


, smokestack. 


Be = </ or U < + if viscous effects are to be important 
throughout the flow. 


For standard air V=LS 7x/o*# 


Thos , 


-Y 
L§7%X/0 , . F 
V< es ae where D is the diameter in feet. 


object [D, ft | U,# 
twig 2.08X10"| 75¢x/07 


hair 3.33x10"| 0,47/ 


Smokestack: | 6 262x167 


G-12. 


fam 


\ 


9.17. As is indicated in Table 9.2, the laminar boundary layer 
results obtained from the momentum integral equation are 
relatively: insensitive to the shape of the assumed velocity: profile. 
Consider the. profile. given by u=U for. y > 6, and 
u.= U{1 ~ [(y — 8)/57P}? for y = 5 as shown in Fig. P9.17. 
Note that this satisties the conditions u = 0 at y= Q and u = U 
at.y = 5. However, show that.such a profile produces meaningless 
results when used with the momentum integral equation, Explain. 


FIGURE P9.17 


From the momentum in nlegral equation 
7 oe 
b= f> ee | where # = 9(¥)=[]-(Y- ny Ob. 


Note: $= ge at Y=0 and $=! and Y=] , as required, 
Also, C= at a(I- qld Y which can be evaluated for the given g(Y). 


However, 


eg 

GG] 5 of since H=2[!-Cr-] cany-ns 
ae Li-(y-1?]# 

Thos, | 

0, =, which from Ep) gives 6 = 

This protile cannot be used since it gives §=°2 due to 

the physically unrealistic 2 sy =09 at the surface (y =o). 

See the Figure below. 
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~"@i1@ Because of the velocity deficit, U — u, 
in the boundary layer, the streamlines for flow 
past a flat plate are not exactly parallel to the ee) Streamline A~B 


plate. This deviation can be determined by use 1 mis 
of the displacement thickness, é*. For air blowing . 
_ past the flat plate shown in Fig. P9.194, plot the — SO IPTTTTIIIIT: ae 


streamline A~B that passes through the edge of _ | 
the boundary layer (y = 6; atx = ©) at point B. a 
That is, plot y = y(x) for streamline A~B. As- FIGURE P9.19 

sume laminar boundary layer flow. ee ees 


we 12) (4m) 
Since Re, 7 = ae =2.74xl0°< 5x /0° the boundary 
S- 


layer flow re remains laminar along the entire plate. aes 


5 m* 
y 
as 5\4 7 oor 6g #5 Leen Nita) = 0,0382m 


Ss 


The flowrate carried by the acival boundary 
layer iis by definition equal to that carried by V U 


a uniform ve locity with 
by an amount 5. Since there is no flow é es ey 


through the plate or streamline A-8, é 
é wee ie ans 
Qa =Qp, or Uy = (5g-5g)U qi) 
where = vy ; 
Num) |e 
apes, [eee eel = 0.0/3/15 m 
S 


Thus, 
Va = 5g dg = 0.0382 m ~0,0/3/5m = 0.0251m _, streamline 


Hence, for any x-location 
Qy = Q or On = Wy - -§*) 
ry=% $s Yy +1.721f- 2X 


4% 
5m _ 
= 0.0251 m+t/.724 sense = 0.0251 +6,58x/0 |X ™, 


where x~m 


9-/4¢ 


9.20 Air enters a square duct through a 1-ft 
opening as is shown in Fig. P9.20. Because the 
boundary layer displacement thickness increases 
in the direction of flow, it is necessary to increase . 
the cross-sectional size of the duct if a constant 
U = 2 ft/s velocity is to be maintained outside 
the boundary layer. Plot a graph of the duct size, ; 
d, as a function of xforO <x = 10ftif Visto. See 


remain constant. Assume laminar flow. FIGURE P9.20 


For incompressible flow Qo = 4X) where Qo = flowrate into the dvet »,s 
a | - UA, = (2 B18) =2 
Qi) = VA where A=(d -2 eee the effective area of the 
duct (allowing for the decreased flowrate in the 
boundary layer), 
Thus, 
Qo=U (d-25°) or d= /ft+20°. Gi) 


where A 


ee 2 7 
VX (57 xj0") x 


# = ~ 
6°= 1.721, 3- = 172! so = 0,0/52 VX ft where x~tt 


Hence, fram £4,) 
d= |+0.030¥Yx ft 


For example , d=1 ff at x=0 and d= 1.096 ft af x=/oft, 


©) 


9:21 A smooth, flat plate of length 2 = 6 mand widthb = 4m 
is placed in water with an upstream velocity of U = 0.5 m/s. 
Determine the boundary layer thickness and the wall shear stress 
at the center and the trailing edge of the plate. Assume a laminar 
boundary layer. 


———} -6 mm? * 2 
eae ie 
a kg ~3 NMS 
; 3% | 9993) (1./2X10- =a 
7, = 0.332 U *-8A = 0.332 (0.52) (26 a LENT ae) 


ag 
Thus, af X=3m 67 7.48Xx10" V3 = 0.0130 m 
nas. O1DF — WN 
t= “Ver 0.07/16 
while af X =6m 6= 748XK/I0 VE = 0.0183 m 
| 0.124 


~ 


= N 
Ww 6° = 0.0506 rc 
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9.22. Anatmospheric boundary layer is formed 
when the wind blows over the earth’s surface. 
Typically, such velocity profiles can be written as 

a power law: u = ay", where the constants a and 

n depend on the roughness of the terrain. As is 
indicated in Fig. P9. , typical values are n = é 

0.40 for urban areas, n = 0.28 for woodland or. .- oon 
suburban areas, andn = 0.16 for flat open coun-: 

try (Ref. 23). (a) If the velocity is 20 ft/s at the Ae 
bottom of the sail on your boat (y = 4 ft), what 
is the velocity at the top of the mast (y = 30 ft)? 
(b) If the average velocity is 10 mph on the tenth FIGURE P9.22. 
floor of an urban building, what is the average = Sac me anette ae Te 
velocity on the sixtieth floor? 


where C is a constant 


auacy” 


4 


This.” vs. ye 0.16 
2_(% _ ft an | 2 4 
= {#} or u, = 20-2 (Be = 2768 


(b) w= es , where © is a constant 


Thus, Ua Yo erre Ole 
60 
oe .(%) Or U,= /O mph (4) = 20.5 mph 
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9.24 A 30-story office building (each story is 12 ft tall) is 
: ‘built ir in a suburban industrial park. Plot the dynamic pressure, _ 


" pu 2/2, as a function of elevation if the wind blows at hurricane 
strength-(75 mph)-at the top of the building. Use:the atmospheric 
boundary layer information of Problem 9.22 


From Fig, P922 the boundary layer velocity protile is given by 


uw ye or U=C as where C is a constant. 
0.28 
= ft 
Thos, Te -( el U,= 75 mph (287, ) =lo-x 
or. 0.28 


u = 110 as] if where y~ ft 
Hence, 


0,28 7 
4 pur=4(2.38 x10 7°18 110 ( ae) f | 


or 0.56 


£ew=/4Y¥ (ahr) Bh where yee 


This is is plotted in the lige below. 


y= 30x12 
= 360 Ff} 
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9.25 Show what fer any function f = f(y) the velocity 
components u and v determined by Eqs, 9.12 and 9.13 satisfy 
the incompressible continuity equation, Eq. 9.8. 


Given U= U fin , v= (tr a e fin) - £0) 
where 4= Cab y and ( yz 


ie thot 3% ty =O for any i 

af df’ 3 oy __ U4y \-% 

AU. ra =U ah ¥ where 3x =~ aye X 
is . vey f” 
govt [See] =~ Tee 

, of 

eae [33 f ‘ay ik - an 
le ae +n fan - £7 


= f - ; where ae = 


hon: gaye ¥ 
*) f" (sy) = es iz 


By combining Egs. (1) and (2) we see that 
e t ad =0 for any function fp). 
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for laminar flow ‘past a flat 


rate: the Blasivs equation (Bq. 9.14) numerically to 
he enlaty hay 
j s with those of Table 9.1. 


9,.ae* Integrate the Blasius equation (Eq. 9.14) 
numerically to determine the boundary layer pro- 
file for laminar flow past a flat plate. Compare 
your results with those of Table 9.1. 


Solve the following third order different equation by a 
numerical integration technique: 


2f"+ff"<0 with boundary conditions 7 
fef'20 af y=0 and f'—las yr (6) #) 

Write this third order equation as 2 frst arder equations and use 
a Runga- - kytta numerical rechnigue fo integrate thom. Thus, /et 
yet, YRfen , Ye ‘a fle yy , and yy’= f" ~8 HE -bhy 
That je | Le 
Y= Ye 
4’ =e and 
YS sta (2 \a/2 
These can be ager oximated as : 
AY = 4%, Ae KA , and Age (yye/2 Dah 
Stat with y =y,=0 af p20. Assume y,=C atp=0 (wpere Cis 
some given constant) andiptegrate to N=" by y,= yo) toa An 
Tf yp (0) #1 Cae, flo) ¢/) adjust the valve of C (cs. pes 
try again. The iwo- point boundary valve problem (4:0, ta)=tta=0 
and f ()=1) fs solved by Heralion as an iattal vale problem 
(iia, f)=#%e=0, lo) <C). 


A step size of 2 =0.0/ was Used , mith 0427. That s, 700 
steas were Used. A valve of C= 0.332 was fomd to give {'o)=I, 
of actvally ne “p=. This valve of C and the corresponding 


Velocrty profile, 4= tn), shown on the Next page agree ver 
well a the standard valves given ie Table G1. ; on ‘ 


(con't) 
G-2.0 


con't) 


eta 
0.5000 
1.0000 
1.5000 
2.0000 
2.5000 
3.0000 
3.5000 
& .0000 
4.5000 
5.0000 
§.5000 
6.0000 
6.5001 
7,0001 


£ 


.07E-02 
-64E-O1 
» 68E-O1 
»47E-O1 
.93E-01 
. 39E+00 
» S3E+00 
-30E+00 
»79E+00 
» 28E+00 
, 78E+00 
. 28E+00 
.78E+00 
.28E+00 


£ t 
.66E-01 
.30E-01 
.87E-O1 
.30E-01 
528-01 
-47E-01 
.L4E-01 
.56E-01 
.80E-01 
.92E-01 
.97E-01 
.99E-01 

+1.00E+00 
+1.00E+00 


ert 
+3,31E-04 
+3.23E-01 
+3.03E-01 
+2.67E-O01 
+2.,17E-01 
+1.61E-013 
+1.07E~-01 
+6.38E-02 
+3.36E-02 
+1.56E-02 
+6,41E-03 
+2,.32E-03. 
+7.36E-04 
+2.06E-04% 
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9,27. 


9:27  Anairplane flies at a speed of 400 mph at an altitude 
of 10,000 ft. If the boundary layers on the wing surfaces be- 
have as those on a flat plate, estimate the extent of laminar 
boundary layer flow along the wing. Assume a transitional 
Reynolds number of Re,,, = 5 X 10°, If the airplane maintains 
its 400-mph speed but descends to sea level elevation, will the 
portion of the wing covered by a laminar boundary layer 
increase or decrease compared with its value at 10,000 ft? 
Explain. 


At 10,000 ft: 


Xs 
(a) Rey, =o where U= 400 mph (ags2 


hr) eee tt) =5g7 it fi 
s mi ~7 ee 
- # - 3-534K/0 “sR 
and from Table C.l, v= CT 1756xjo> 3% 


) 


7 2 
| : = 2.01x)0 * 
Hence, with Key. = 5x0 


yg fie 

Xe eter (2.01x10" 5 )(5x10°) 0.171 ff 

ceo = ft apc ka eA 
U 587 £ 


At sea-level: 
(b) Rey, = U Xer where U = 400 mph Sie hr gigs) s2g0tt) _ 587 ft ft 


ne) 600S mi 
and V= Ls7xio tee 
Hence, ae 
x = UReer _ (1.57 x10 -s M(SHIO") _ 0.196 f 
oP U 587 Ba 


The laminar boundary layer occupies the first 0.1344 of the 
wing at sea level and (from part (a) above) the first 0.171 ff 
at an altitude of 10,000 ft. This is dve mainly to the lower density 
(larger kinematic. viscosity). The dynamic viscosities are approximately 
the same. 
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9.29 A laminar boundary layer velocity profile is approxi- 
mated by u/U = [2 — (y/6)](y/6) for y = 6, and u = U for 
y > 6. (a) Show that this profile satisfies the appropriate bound- 
ary conditions. (b) Use the momentum integral equation to de- 
termine the boundary layer thickness, 6 = 6(x). 


(a) go =9(¥) = 2ZY-Y° where Y= y/S 
Thus, val =O as it must , al, = 2-/ =/ of u=U al yb 


0 
yzO y? 
as it must 
Also 7 = v| 2 - 2] so that le vl 2-2 =O 


sy 
(b) From the momenivm integral equation, 
g = 2G Re , Where C, = “(g(r-pudY and Cz - Z| 


{<0 
Ths, 
ae ( @Y- Y*)(I-2¥+¥*) A = {(a¥- ~sY*+4Y°-Y")d¥ 
=/{-S+/-% = 
and 
= (2-2Y| =2 
so that Ure 


oo 20VX 
eae 


Hence, ber Re, = a ' 


b - f30_ _ 548 
X~ VR,  TRex 
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9..30 <A laminar boundary layer velocity pro- 

file is approximated by the two straight-line seg- 
ments indicated in Fig. P9.30 Use the momen- 

tum integral equation to determine the boundary 
ayer thickness, 6 = d(x), and wall shear stress, | 
T, = t,(x). Compare these results with those in 

Table 9.2. 


0 2u. ou 
3 


FIGURE P9. 30 


From the momentum integral equation 


f=[2aex , where C, = (glI-g)dy and G= Bl (1) 
O y=0 


d 
hag) with YF, 


For 0<Y<s , g=a,+bY with the constants a, and 4, obtained tram 
g-$ at Ved and 9 0 al Y=0, Thus, a= =O b= Fs 
or g=3Y for 0<Ye4 


Hence, C,.=F - @) 
Similarly, for =<¥ l, G74 thaY with g* % al V-% and 
ge / at Y=] 
Thus, 
224,+tb, and |=a,+h, which give @ 3, b= = 

or 

=3t3Y tor 4#<Y<] yx 
Hence, C, = f9(r a)d¥ = {#1 4y)d¥ Sa Y)(I-$-2Y)dY 


i 
“£1 (aY-4¥9 dv +-2-( (42¥)(/- Yoav which ypon integra- 
a % tion gives 
C, = 0.1574 (3) 


By combining ae (1), (2) andl) we obtain 
Ae 
d= fea ses | Fo 6 ee Res* = 412 


Also, 
T= c _ pk ¢pU bade = "2G _ V2 (0.1574) (F) _ 0.648 
: pec yas t VR VRex VRee 


9.3!* Fora fluid of specific gravity SG = 0.86 
flowing past a flat plate with an upstream velocity 
of U = 5m/s, the wall shear stress on a flat plate 
was determined to be as indicated in the table 
below. Use the momentum integral equation to 
determine the boundary layer momentum thick- 
ness, 9 = 6(x). Assume © = 0 at the leading 
edge, x = 0. 


Since Ty = eye tt follows that d@= ou dx 
which can e integrated to give (using @=0 at x=0) 


2 | : 
oe eu (Ts a ~ (0,86X1000 4) (5 B)* f Iw dx 


pul 


, where O~m, x~m, and Ty” 73 0) 


or ae 
@ = 465x/0 (r, dx 
oO 


For O<X< 2.0m, integrate Fa.) to oletermine @ as a function 
of x. Todo so, we need the valve of ty fe at X=O, which is not given 
in the table. Theoretically qo 2% at the Tiatliag For ovr purposes, 
based on the extrapolated curve below, assume {y= 2223 at X=0 


x (m) t, (N/m?) 
0 ‘eo 
0.2 13.4 
0.4 9.25 
0.6 7.68 
0.8 6.51 
1.0 5.89 
12 6.57: 
1.4 6.75. 
1.6 6.23 
1.8 5.92 
2.0 5.26 


A standard numerical integration technique gives the ee results. 
0.0008 _— 


0.0006 +- 


E 0.0004 | — 
® 


0.0002 


0 
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9.35 Water flows over two flat plates with the same laminar free- 
stream velocity. Both plates have the same width, but Plate #2 
is twice as long as Plate #1. What is the relationship between 
the drag force for these two plates? 


- L 2 j-—f ——>| 
o> Cy 200 A vy (Plalea | 27 
Thus o— 
; . [Plate #2 
Lf = Cy zeU bor aay] game l 


an 
2 =Cy zoV (zhu) or 


De Coz (2hur) _ 5 Coa 
! Cy, bi’ Cp, 


(1) 
For laminar flow on a flat plate 
: ZEW 
G = Re,” where Rey = UE s0 thal 6 = Woas 
Thus, 
a(t aa) /(1 s28l7 a 
v8) Wop ’ W2 (2) 


Hence, from Ege. (1) and (2), 


ob, 
ore — 1 f = f, / 
6 2 /V2 = 144 
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9.36 Fluid flows Bast a flat plate with a ding foree @,. Ifthe. 
freesweam velocity is > Will the new drag forve, 3, be 
larger or ‘sinaller than B, and: ‘by what aniourit? 


pay N apU | 
Tf You. assume that the doutliag of U. U, which wrt 
Change (Te, ees not _ change Co (see Fig. 9,22), 
then 


O41, U,*A 
he _ ye Whee Un-aVyy 
a i =¢ 
SS, i 
cia = YL, 2 
ee Led ; 
plate normal to flew 
Note: 
If the plate is paralle! to 
the flow, then C, changes beac - eae, 
with Re. See Fig. 9,22. plate paralle! to flow 
Thos, _ 
Dee al Cp ta 
Da on U 
so that a numerical answe/ 
could not be obtained without Re 
additionol data about the valve 
of Re. 
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pera 


5.37 A model is placed in an air flow ith: a.giv af Ve and 
then: placed in water flow with thie saiie velowity, If the drap 
coefficients are the same between these two cases, nw ae te 
drag forces compare between-the two fuids? 


oe = ft where pu 7? pr 


ie >? Be 


UZ : 
Tt should be noted tat smce ihe = FF, matchin 
Ya and vz Would be difheult. Therchore ; deyendia ; 
on Shape aad veloci , She Cp values may Not gaat 
he the sameé. are” this diHeence would be Smal 
Compared) €0 Phe deasiry difference. 


Note: At standard condifrons, 
hy fy _ 1.9% shigs fH” 


_ 


a = o/s 
a, Pa —-2.30x)0° clogs HP : 
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9.38 


9.38 The drag coefiicient for a newly designed hybrid: car is 
predicted to be 0.21. The cross-seetiorial area of the car 16 30 £0. 
Detetmiine the aerodynamic drag on the car when it is driven 
through still air 21 55 mph. 


aes apvA 
Bre Ft 
eee Nah 7 = $0.1 (3 7 
B= 0-01 (2) o.cozss pp) (20.1%) (A) 
d= YE. & Lb 


Re Rae 
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ree 


Lt ia eguilihrium, at Coattoat velocity, thes 


| 


939 A 5-m-diameter parachute of a new design is to be: used T oy 
fo transport a load from flight altitude to the pround with an- 

average vertical speed of 3 in/s. The total weight of the 3. 

patachute is 200 N. Determine the approximate diag 

for the: parachute. 


ay 
Oo = Far 


= kD 


7 pu A 
- a200N 


~ LBENS GE Gn) 


Op =/,8Y 


————— 
‘nt rTT TS SarETTYOPRENTE ovo SnProeyeve PecercrEnrer 


Cy 


The Sea-)evel density was used Eo solve 
thi's problem. le leorly dering the drop ) 
Pp will be chandia ; but the Changes 
Are relatively gma Ul. 
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9.40 A 50-miph wind blows against an out- 
door movie screen that is 70 ft wide and 20 ft tall. 
Estimate the wind force on the screen. 


= Gt et*A, where from Fig, 922 


with. | O 
aor =3.5 we obtain Gy=4I5 


Hence, ibe: (ee a 
ae 118 (3) (0. (0.00239 (5 Ml) (52008) rrty(20t 


(3600 
? B= 10,300 ib 
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9.41 The aerodynamic drag on a car depends on the “shape” of 
the car. For example, the car shown in Fig. P9.41 has a drag 
coefficient of 0.36 with the windows and roof closed. With the 
windows and roof open, the drag coefficient increases to 0.45. 
With the windows and roof open, at what speed is the amount 
of power needed to overcome aerodynamic drag the same as it 
is at 65 mph with the windows and roof closed? Assume the 
frontal area remains the same. Recall that power is force times 
velocity. 


Windows and roof ‘Windows open; roof 
closed: Cp = 0.35 open: Cp = 0.45 


GSFIGURE P9.41 


Power = PaFeV 
The force is the rag force. Let ( ) and ( } denote closedand goen, 


We want to fud UT whan R=F 
L270; Wa = 5p U.“ACr. = =“ Dt = zp Ue"Ac Co, 
The per e | areas ave the cane , SO Ao =Ao 
Ue Cpe. Ue Ge 
Coe 3 0.36 
U > Ve (Be ) = (65m ph) ( 9:28)” 


Us =60.3 neph 
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9.42 A rider on.a bike with the combined mass of 100:kg attains 
a terminal spéed of 15 mi/s on a 12% slope. Assuming that ‘the 
only forces affecting the speed are the weight and the’ drag, 
calculate the dig coefficient. The frontal area is 0.9 m°. 
Speculate whether the ridér-is if-the upright or raoihg. position. 


er tat @ = 1a =O.12 


/00 Oz 6.7Y° 
sin =O. 
¢ 
rida> 
7 Ww = 
Wsin@ raf 
Ta equilibriuan , SE=O 
ra ee 20 
Wsm @ = ov =Cy 2pU"A, spore W=mg (ob) (i. S/"%r) 
C Wis Ss m 9BIN 
o™ Epv 7A 
(991N) (0.119) 
~ Tigomant 15% (O.dum) 
Cee of 
Looking at Fig. 7.30, given A ond Cr, the rider 
is up right. 


: oe 


9.43. A baseball is thrown by a. pitcher at 95 itiph ttirongt 
standard ait, The: diaiteter of the baseball is 2.82 in, Batimat 
the diag force ont the baseball, 


T= tA 
U: I mph x 5 sgt = 139, 3°, 
fe - U2 - (137.3 Fe) ( 22 fe) 
1-57 xlo-4 % 
Froa Fig. 7. as, aad aLsuming a Smooth Spare, 
Cy 20.5- 
8 -0.5 (tNovegee 424) (1903"6)"(F 2ZP) 


py = 0. 5006 


= Z.O7x/0? 
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9.44 A logping boat is towing 2 log that is 2'm.in diameter 
8 mi long at 4 mvs through water. Bstiniate thie power requir 
the axis: of the log is- parallel to the tow dination. 


and 
dif 


For power, P2FV 

F=f =Cy spur 
For the aspect fatto, D= am amd f=da 
From Fig. 7. 


4. Say SO C=O. 9S 


Be 0.95-(£) (999s) (4%)*(F (pul*) 
D= 21, FIV 
P= DU = (24341) (9S) = 85,¥00 W 


Note’ The above Gy = 0.05 assvmes Ypaf the lag ws 
essentially submerged and wave making snot 
an important contribution to the arag. 
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9.45 A sphere of diameter D and density p, falls at a steady ' 
rate through a liquid of density p and viscosity ze. If the Rey- ~ 
nolds number, Re = pDU/j, is less than 1, show that the vis- 
cosity can be determined from x = gD*(p, — p)/18 U. 


For steady flow 2) f, =O 
or 


LD +ly =W , where Fy =buoyant force = e9¥= p94) (2° 
W/ = weight = @.g¥ =e ($) (2) 
and = of} = drag = C, ze FO’, or since ke<! 


= 37 DU 
Thos, 


sroips eg(t)a(B) = ag(#)n(2) 


which can be rearranged to give 


= 3 D* (@.~@) 
1380 
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cally. 


For case (a): 


ie te gene Lae 1320W 9 = 


a case (b): 
bp,= FOU" 
Thus, 

ae ee 
dr, = ZU V40r 


oe i _2.0 Lh 


9.4G@ The square flat plate shown in Fig. P9.4N6ais cut into - 
four equal-sized prices and arranged as shownin Fig. P9.HGb 
Determine the ratio of the drag on the original plate [case (a)} 
to the drag on the plates in the configuration shown in ¢b). 
Assume laminar boundary flow. Explain your answer physi- 


Lp = 2 eu" C, a where Opp = 


4328V7 


BFIGURE P9.4U6 


1.328 — 4328 


Jfa jae and A= h* 
= 0.664 pU* WL a) 


1,328 


ez 


and Az DE] = f? 


f* = x (0.864 p U2 17 2% ) (2) 


By comparing Ege. (i) and (2) we see that 


In case (b) the boundary layer on the rear plate is thicker than on 
the tront plate. Hence the shear stress is less on the reap plate than 
it Ison that plate in configuration (a), giving |ess drag tor case (b) 
than for cqse (a), even thagh the total areas are the same. 
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9.47 If the drag on one side of a flat plate 
parallel to the upstream flow is ) when the up- 
stream velocity is U, what will the drag be when 
the upstream velocity is 2U; or U/2? Assume 
laminar flow. 


hus, = ae 


b= 4eu" Lael A = 0.664 OAT Vig ee fae 


Hence, 
off, xX 
ee ge Te Mee EYE 
and 9 n 
dy U 
ea (2% or bh 0. S4 of, 
9-38 


ae | 


9.43 Water flows past a triangular flat plate oriented paral- 
lel to the free stream as shown in Fig, P9.4@ Integrate the wall 45° 
shear stress over the plate to determine the friction drag on one 


side of the plate. Assume laminar boundary layer flow. U=02 ms 
—— 


aPvSUHE pee8s Y 
L= (Ty dA where q;, = 0.332 0 ee 


Thus, 
3 
ff = 0.3320 * eu (i di 


: X=0.5_ y =0,5-X 
0.3327 *|ou (2)( i tyes 


XeO y=0 


Vi 


v) 

eZ 

2202 
x* 


= 0,332 *[ pu (2)[0.5 (ax 


or 
at = 0. 0296 N 
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9.50 A rectangular car-top carrier of 1.6-ft 
height, 5.0-ft length (front to back), and 4.2-ft 
width is attached to the top of a car. Estimate U=60mph =88 
the additional power required to drive the car = -~-~* 
with the carrier at 60 mph through still air com- 

pared with the power required to driving.only the 

car at 60 mph. 


d} = C, $ovra. and “P= Ud = power 
From Fig.9.3! with £ = =H = 3.13 we obtain Gy = 123 
Hence, | | af 
f= 1.3(4)(0.00238 S098 ) (18 £1)(424)(e8 £)= 80.5 Ib 


Thus ; from Eq, 61), | 
P =(88 £)( 90.5 {b) sata = 17 Te. 
& 


f= 5.08 


[ur careriesuarmnneratmrmmssaiiie 
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9..51 As shown in Video V9.2 and Fig. P9..Sla a kayak 
is a relatively streamlined object. As a first approximation 
in calculating the drag on a kayak, assume that the kayak 
acts as if it were a smooth flat plate 17 ftlong and 2 ft wide. 
Determine the drag as a function of speed and compare your 
results with the reasured values given in Fig. P9:5/6 Com- 
ment on reasons why the two sets of values may differ. 


For a flat plate = 2 eT "Cy, Base: a 
A= 17tl(2.'t)=3#H* and Cy, isa function of Rey= Y YE 


on hi 6 a 
Rep = 72) .g5 fie 140% iy F 


Consider 1<U¢ g fi , or /.40K/0° < Rey </,/2x10" 
From Fig 9.15 we see that in this Rey range the boundary layer 
flow is inthe transitional range Thus, from Table 7.3 
Cy, = #55 /(log Reg) - 1700/Reg (3) 
By combining Eqs. (1) (2) andl3): 
A= ( 1.94 SME TC Cor (34ff7) or 


= 33.07 r [o. “55 ( log @ oxi0°U)) = 1700 vA (7.40x/0° D)| 4) 


The resuls from this equation are plotted below. 

8 U, ft/s | Lf, Ib 
: 0.0986 
0,410 
0.904 
Ls58 
2.42 
3.43 
4.54 
5.90 


mw FIGURE P9..51¢b) 


9,52 


( 


OOo 


cs 
A: _ 


24.52 | A 38.1-mm-diameter, @.0245-N table tennis ball is re- | 
leased from the bottom of a swimming pool. With what velocity 
does it rise to the surface? Assume it has reached its terminal | 
velocity. | 

| 


For steady rise Saf =O 
or 
Lo Wt Lf where d7 = drag =G, £0U £0* 
W = weight = 0.0245 N | 


: 3 
F, = buoyant force = 0 ¥ = s(t) 
Thus, 5 ae 
sie) -W+Cteu' Fd 
or , 
q80«10-4,) #2 (2-938 im = 0.0245N +20,(499 4, UE (0.0381m)? 


or 


2 
CU" = 0455 , where U~ S (1) 
- UD 
Also, Re ee | 
ae U (0.038) m) 4 
ee : er Sg O 
Re = LEK (oe = 3,40 x/0 T * where U~ 2 (2) 
Finally, from Fig. 921% | NN - = 
| Re 


Trial and error solution? Assume & ; obtain V from Eg.l/), Re trom 
Eq.(2); check Cp from Eq. (3), the graphy 

Assume G,=0.5 —= U = 0.954-2 —= Re = 3.24x)0°'—* G, = O.# #05 

Assume C)=0.4 —> Us 1.06 2 —» Re= 3.622/0°— Cy =0. 4 (checks) 

Thus, V= 1.06 2 


Note: Becavse of the graph (Fig.9-21) the answers are not 
accurate to three significant figures. 
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9,53: To reduce aerodynamic drag on a 
bicycle, it is proposed that the cross-sectional 
shape of the handlebar tubes be made “‘tear- 
drop” shapé rather than circular. Make a rough 
estimate of the reduction in aerodynamic drag 
for a bike with this type of handlebars compared 
with the standard handlebars. List all 


assumpticns. 
For a standard racing bike of CG, G, 2eU vie he trom Fig. 7.33 
Thos, = 1.716 el" : Gs. = 0,88 , A=9.9 ff" 


For the modified bike assume Lp, = dh ~ Lf, iL ; Wes () 


di), = drag from standard cirevlar cross section handle bars 


ae = drag from tear-drop shaped handle bars. 
That is, 

AO, = Cy, FeV 4y and l= Cy, eV ‘Ay where the handle baps 
are Gained to be I ft long ae lin. in diameter. (ée, Ay = 7 ft?) 
Typical Cy values are Cp,=1 (Fig. 9.23) and Cy, = 0.12 (Fig.9-21) 


Thus, Eg) gives of = 116 eU"~ 1(#)9U" (4) +0.12(¢) eV" (k) 
= (1.7/6 - 0.0367) eU* 
or 


, ~ Lh _ 4716 eV *_(1,1b- avass7) a peasy 
A 1716 EU 
é.ey areduction in drag of 


approximately £ perc ent 
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9.54 A hot air balloon roughly spherical in 
shape has a volume of 70,000 ft’ and a weight of 

. 500 1b {including passengers, basket, balloon fab- 
ric, etc.). [f the outside air temperature is 80 °F 
and the temperature within the balloon is 165 °F, 
estimate the rate at which it will rise under steady 
state conditions if the atmospheric pressure is 14.7 
psi. 


For steady rise EE =O, or Fg=Wtl? 
where ae 

 =drag =C,2eU ED 

F = buoyant force = OY 
MW = total weight = $00 Ib +8, ¥ 


Ib De 
= Be = ET ie) (12 By) =a sivas 
= 0g = (0.00229 UM) (32.2 ft) = 0.0736 16 


. fF 
an d -» th in. fiy . 
do-it sai 0-082 Be 
. in (17153 gh) ( Note : iar the balloon js 
7 D\e open at the bottom, the - 
Thus, with ¥ = 7x10" Hf" = 4EC>) | pressive within the’ balloon 
op D= Slt ft we obtain rsd the same as it is 
outside- 


= Gy (0.00229) FE (sit) 
= 2.366,U~ Ib, where V~ it 
Alse, : | 
ali $200 +(0,0636 Fyx)( 79000 fi) = 4952 Ub | 

F, = (0.0736 i) (740% HS) = 5/52 |b Thus, Fy =W+ gives 
S/52 Ib = 4952 1b + 2.3660" op CU = 84.7 ‘is 


Also, Re = YP 


or Sid FFU 5 
Se 325X/0 
€ =F sox0* # jo” J (2) 


and from ‘Fig. 923 “| Sees (3) 


Re 
Trial and error solytion: Assume Gy; obtain V trom £4.0), Re trom £4,(2); 


check Cy from E43), the graph. 
Assume Gy = 0.5» U = 13.0 ff —» Re = 4,23 x10° —> G = O24# 0.5 


Assume Cy= 024+ U 18.8% —» Re = 6.11 x10°—» Cy =0.30# 0.24 
Assume Cp = 0.30-> U=16,88 —> Re =5.¥6 «10% —> Ly = 0.30 (checks) 


9 Ft 


9.55 It is often assumed that “sharp objects 
can cut through the air better than blunt ones.” 
Based on this assumption, the drag on the object 
shown in Fig. P9.53'should be less when the wind 
blows from right to left than when it blows from 


left to right. Experiments show that the opposite FIGURE P9.5S5 
is true. Explain. 


A signiticant portion of the drag on an object can be fram 
the relalively low pressure developed in the wake region behind the 
object. By making the object streamlined (e.¢., How from left to 
right, not right to left in the above fire) boundary layer separation 
is avoided and a relatively thin wake with low dra is obtained. 
Whether the front of the object./s Sharp” or “blont’ does not attect 
the contribution to the drag from the front part of the body —at 
least not as moch a the width of the wake affects the drag. 
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Ps 
*9,5@ The device shown in Fig. P9.56 is to be designed to measure ire ig 5 mn] 
the wall shear stress as air flows over the smooth surface with an ay a RE aa 


upstream velocity U. It is proposed that 7, can be obtained by 
measuring the bending moment, M, at the base {point (1)] of the 
support that holds the small surface element which is free from 
contact with the surrounding surface. Plot a graph of M as a 
function of U for5 = U = 50m/s, with @ = 2, 3, 4, and 5 m. 


GBFIGURE P9.56 


Since the length of the measoring surface is much fess than ifs 
distance from the Jeading edge (¢:e., Smm<<L) we can assume that 
the shear stress is essentially constant on that surface. TA 
ue A= AH a — 

ar (5x10 my (10X10"m) % =2, 5x16 Te Nm Hf a ay 

where ee Me ae 

The flow will b¢ laminar or turbulent depending 
whether Rey< 5x70" op Reg>Sxlo* , whero Reg= LE ind valerie, 


LL) 2m hao 
Since Rey in = Sra = 6.84 x/0" fhe flow is always turbulent. 


A Iso, since 


osm * 


Re _ (08) Gm) 
“lLmax L4éXx10° Sm 


hk 
rf O.370X ed ¥ 
[,, = 00225 el Ga y* fee ae Ral 1 


= 1,7/xfo"? i follows from Table 9.3 that * 


Ut gs 
That i's, i \y 
7 : VU" L - % Me 
Ty = 00,0225 eu ‘assie | 00,0225 eU v~L Sco, 370) @ 
or 


= 0,022.5 (1.23.48 Y % Oy sxe LEVY “5 (o.a20)# 
= 3.63 x/0 2 yt yh ft. , where U~® and L~m 
Thus 9 from Eg, ft), 
M=(2.5x107) (434810) UL = 9,57 xI0 ada 


The values of M are calculated and plotted for 5*Us50 2 
with L=2, 3,4,and 5m. — 


(con'}) 
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9.56 | (con't) 


For % = 
U, m/s 
5.00 
10.00 
15.00 
20.00 
25.08 
30.00 
35.00 
&Q.00 
45.00 
50.00 


For Q = 
U, m/s 
5.00 
10.00 
15. 
20. 
25. 
30. 
35. 
GO. 
45. 
50. 


2.00 m 
M. N.m 

+1.510E~-08 
+5.257E-08 
+1.091E-07 
+1.830E-07 
+2.735E~-07 
+3.798E-07 
+5.012E-07 
+6.374E-07 
+7.879E-07 
+9,525E-07 


3.00 m 


M. N.m 
+1.392E-08 
+4.847E-08 
+1,006E-07 
+1.688E-07 
+2.522E-07 
+3.502E-07 
+4.622E-07 
+5.878E-07 
+7.266E-07 
+8.783E-07 


For % = 


U, m/s 
.00 
-00 
15. 
20. 
25. 
30. 
35. 
40. 
45, 
50. 


5 
10 


00 
00 
00 
00 
00 
00 
00 
00 


For @ = 


U, m/s 


4.00 m 
M, N.m 

+1.314E-08 
+4,.576E-08 
+9. .&494E-08 
+1,.594E-07 
+2.381E-07 
+3.306E~07 
+4,363E-07 
+5.549E~-07 
+@.859E-07 
+8 .292E-07 


5.00 m 
M, N.m 

+1.257E-08 
+h .376E-08 
+9.080E-08 
+1.524E-07 
+2.277E-07 
+3.162E-07 
+h .173E-07 
+5.307E-07 
+6.560E~-07 
+7.930E-07 
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9.57 A 12-mm-diameter cable is strung be- 
tween a series of poles that are 50 m apart. De- 
termine the horizontal force this cable puts on 
each pole if the wind velocity is 30 m/s. 


. D=/2mm 
Be force on one pole =f. | 
hen b= Deas VOLT TTIIET tT 
Since Re = U2 = Select) _a.¢zxic% if follows from Fig,.%23 


L Hox”. fe 


C,= 0.4 . Hence, Re on(h urs gh isoBy (50m)(0.012m)= 133.1 
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9,52 . How fast dosmall water droplets of 0.06- 
* gm (6 X 10-* m) diameter fall through the air 
under staridard sea-level conditions? Assume the A 
drops do not evaporate. Repeat the problem for -2 
standard coriditions at 5000-m altitude. : a/4. =D=6x/0“m 


For steady conditions, tla =W, tu 
where if Re = YF <I : 
B= drag =37DUA Also, W= Yio ¥ = J, Wo F 4a (By = weight 
Bec and Fo= Yin ¥ = Yn 4£9(L DF = = buoyant fi 

< 
That ie - iy ig can ele We sed force. 
37 DYn =F, ZY op U= feb . or 
At sea level 2 = 4.789 x10°$ is so that 

: oe 
U = goon aN Bay =a — Bon 


#5210" <<I go the use of 
the low Re drag equation is valid. 


_ fl. ono? 2) (6x10 m) 
Note that Re riaret ae 


At an ee of 5000m , 4 =1628X/0 ie es and from Fo. d) 


_ (98 0x10" Mays x0" 5, 
18 (1, 628x105. &. =) 


- ~7 M7 
- =/,20x/0 “~~ 
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9.59 A strong wind can blow a golf ball off the tee by pivoting it 
about point | as shown in Fig. P9.59, Determine the wind speed uv 
necessary to do this. 


Radius = 0.845 in. 


Weight = 0.0992 tb 


mw FIGURE P9.59 

When the ball is about to be blown 
{rom the tee the free body diagram 
is as shown, Hence, by summing moments 
abovt (1): 
GM:0,0r Wh Or 
Thos, 

(0.0992 16) (0.20in.) =. (0.82! in.) 
or | 
= 0.024218 , where I< Cy xp mr® 
Thos, 


OBS 
0.02 42.|b = Cy £ (0.00238 SU ary rai #) 


or 


Z 
CU = 1305, where U~# 


For a aya C;* =O, (Re) (see Fig. 9,18) where 


Re= oun . (o,00232 sa H3) U (2.(0.8%5) 42 #4) 


3, ¢7x167(Ib-s/T) 
or 


Re = 766 U, where ~ ft 
Trial and error Sieian: 


Assume Cy =0.¥ so that trom Eg.l), U=5 zit and 
from Eg. 2), Re= WESTIN) 2E.SA4 xiot Thus, fron 
Fig.9.18, 6, = 0.25 #0, ¥0 ry 4g9a/n. 


Assume Cy 20.22 so that U=77.0 and Re=7¥¥x10* 
This, from Fig, g. 18, (= 0.22 Checks. 


Hence, U= 77208 


golf ball (ce. with dimples) 


‘ 
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in the pole at ground level when a 30-mph wind blows 


used in your calculations, 


9.60 A22in. by 34 in. speed limit sign is supported on 
a 3-in. wide, 5-ft-long pole. Estimate the bending moment 


against the sign. (See Video V9.9.) List any assumptions 


For eqvalrbrivm ez NM, =O or 


We Bae Lp +(5++2)4 & , where \ 
Lp = draq on the pole and 2 = drag On the SiN 3k T 


From Fig. 9.28 with B/D <9.1 for the sign, ‘tp ID 

C. =/,9 : h { 
Ds 

From Fig.9./9 if the post acts as q sqvare red ak 


with sharp corners Cyp = 2.2 Thus, with V= 30mph = #42 | 


and 


bp =% 07 Cop Ap = £ (0.00238 Sues) (4¢ P(2.2)( 3 (5) 4") = 6,344 | 


| Thus, from Eq.(/) > 
My = 2.5 ft (6-341) +(5 +42) # (22.71) = 162 ftlb 


q-S/ 


a) 


LB -teU° Gy Ay = £ (0.00238 SHEE) (4¢f)7(19) (22,8) 4H") 29 76 | 


i 
4 
j 


4 


- &=6 » xeU LD 


9.@\ Determine the moment needed at the base of 20-m-tall, «D 
0.12-m-diameter flag pole to keep it in place in a 20 m/s wind. | 
2 e ee U 


=f it 
f i aad 
For eqvilibrium, M= 42 where | | ai) 
(Ut F 
M 


_ 20F)0.12m)_ =/164¥xI0” , it follows from Fig. 221 


UD 
Sie Re = “vy 1 46x 10S Ae 


~ that CG, = 1.2 


Thus, = 1.2 (+) 0.23 2 (202)? (20m) (0.12m) = 70BNV 
Hence, from E. g. (1) 
M = 22m (708m) 


= 7080NVm 
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2.@% Repeat Problem 9.6] if a 2-m by 2.5-m flag is attached 
to the top of the pole. See Fig. 9.30 for drag coefficient data 
for flags, 


2 
ov 

For eqilibrivm, [= f re, +(f = 2)8, C1) 
where 4,=2.0m, L, = ee Te aoe ” 

From the eélelion to Problem 248 , £ fe 7,080 W-m (2) 
Also, 
Le, = Ct eU'L, dD, , where trom Fig. 9.30 with <= £3 = fas 
weoblain OC, = 0.08. 

Thus, 

of, = ~ 0.08(4)(123 4208)" (2.5m)(2m) =98B.4N (3) 


By combining Egs. 1),(2), and (3) we obtain 
M= 7,080 Vm +(20m—/m) (98.4 MV) = 8,950 V-m 
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9.64 How much more power is required to 
peddle a bicycle at 15 mph into a 20-mph head- 
wind than at 15 mph through still air? Assume a 
frontal area of 3.9 ft* and a drag coefficient of 
Cy = 0.88. 


P= power = UF and f= Cy 4eU*A , where U tog (ee cai f the ae 
=/5 ft Et ee =224 
and U= wind speed relative fo bike. 2 a) 


Thos, a 
2 2 tT a) 
(P=(22 #) (0.88)(4)(ooorse HE) (2.917) = Mate. 
(88%. 
a) With a 20mph headwind , U= (is +20). mi. f_ i pat)? siaft 
Thus, 


P= 0.0898 (513) = 236 #4 


7 

b>) With stilf dir , U=I5 mph= 22 tt 
ae fi-& 
R= 0.0898 (22) = #25 7" 


Hibs lip \- 
Hence, need an additional power of G- = (236 -4#3.8) F (ses tea) 
= O, 350hp 
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9.65 Estimate the wind velocity necessary to 
knock over a 10-Ib garbage can that is 3 ft tall 
and 2 ft in diameter. List your assumptions. 


Lf the can is about to tip around 

corner O, then =i MM, =0, or LS =/1 W 
A typical valve of Cy far a cylinder 
Is Chez / (see Fra. 9,21) 


r 156, 40U A=W 


Thos, 
(1.54 1)(4) (0.00238 FE) "(241 3H) = 10ftb, where Un # 


or Y= 20, 6 ft 
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9:6@ Ona day without any wind, your car consumes x gal- 
lons of gasoline when you drive at a constant speed, U, from 
point A to point B and back to point A. Assume that you repeat 7 i 
the journey, driving at the same speed, on another day when ; : rae { 
there is a steady wind blowing from B to A. Would you expect Pcs eee 

~ your fuel consumption to be less than, equal to, or greater than 
x gallons for this windy round-trip? Support your answer with 
appropriate analysis. 


Trip with the larger power | lost dye to Freie da wil e ad 
mast 9 gas, L ef () mean ho wind” and ( ) mean ‘wind a 
of My No wind: = - pie 
: o G Leu" for both AB and Boa : TA phere: | 
"a path Til, 2 tptttgh, 


=n 2). Wind ( Typ= wind speed ; assume Ty <T) > 
Ae Gte(T)A for A->B 
be Cyt p(T -W) “A fap bf 


This, a oe dee 
ep 2 ae TT) ue Fer. AB cee Ste : tee 


rz, nergy Weak = Pe where f- fe bs tid frm A f-B ” rb 
ae ~t — 
= 2 ( £00 “A Mf Mote Fact ot2 fr joe 18>A) a 


a\on tahtekeuen 


Ww 


| and 
Ea = £p(ry “16, Rb + £el0- Tw) TeyAt 


The 


(Oey Bw) 0 a ao at #20) | fea 


zie. more tvel needed when windy = 


Tay 
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9.67 The structure shown in Fig. P9.67 consists of three 
cylindrical support posts to which an elliptical flat-plate sign is 
attached. Estimate the drag on the structure when a SO-mph wind 
blows against it. 


FIGURE P9.67 


Fer the compos) te body * ly 
(i) 2B by = 3 00 [GA +644 Gufs "apt | 
| yes if we assume the sign is an ellizce, 
A= LU0H)t s ff) = 39.3 ff and the projected areas of the asa 
A= 0.68 (Ist) = g.00ff* 
As = 08 Ff (SH) = 12.041" and 
Ay= HEISE) =1S8:0ff% 
From Fig. 9.20, for attin disc ©, 4" Gy = hl 
For the cylindrical pest, obtain Cy from Fig. 9. IS as? (0 “5 on resi) 


ft 
3, 0.6 ff) 
Re,= Ue wa Fete = 2.8Xx/0 ene O:b 


? 


Similarly, 
Re, = 3, 7x10" — Oy, 7 aS 
Roy =47%)0° —= Gy, 2 0.25 


Thos, from Eq. 0H): . 
Sb “(0 00239 ae) (73. apy [uces aft) $0.8 9. ott £0. (12 asset 
| = 37e hh 


4 
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4.68 — As shown in Video V%,/3and Fig. P9,68, the aerody- 
namic drag on a truck can be reduced by the use of appropri-_ . 
"ate air deflectors. A reduction in drag coefficient from 
Cp = 0.96 to Cp = 0.70 corresponds to a reduction of how 
many horsepoer needed at a highway speed of 65 mph? 


b= width = 10 ft 


M@ FIGURE P9.68 


‘ PD 2 power = Fie U where 
a x ? TC; A 
Thos, AP = reduction iin power 
=F, =P, 
o =2 400A Len, - na] 
With D= 65 mph = 95-3 ts, 
AP. = 7 (000238 a) (95,38) (10fi12#t) | 0.96 - 0.70] 


£3300 8 (lg 
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9.67 As shown in Video V9,7 and Fig. P9,©7 a vertical 
wind tunnel can be used for skydiving practice. Estimate the 
vertical wind speed needed if a 150-lb person is to be abie to 
“float” motionless when the person (a) curls up as in a crouch- 
ing position or (b) lies flat. See Fig. 9.30 for appropriate drag 
coefficient data. 


. For equilibrium conditions ees: 
l= ot = C Er eUA B FIGURE P9.69 


Assume W=/60 Ib and 0, A= g tf (see Fig. 9.20) 
_ Thos, 


(60 Ib = (£)(o.0023e8?) U(9H*) where U~# 


ve = (/22 £t)/- a sre) ( AE) = 83.2 mph 


Note: If the skydiver turled yp into q ball”, then GA 2511 
(see Fig.9.30) and U= 158 mph 
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The helium-filled balloon shown in Fig. 


P9,70-is to be used as a wind speed indicator. The 
specific weight of the helium is »y = 0.011 lb/ft’, 
the weight of the balloon material is 0.20 lb, and 
the weight of the anchoring cable is negligitjle. 
Plot a graph of # as a function of Uforl1sUs 


50 mph. 


Would this be an effective device over 


the range of U indicated? Explain. 


For the balloon fo remain stationary 
a Fy=O and BK =0 % 
Thus, & = Tcos8 or T= ome SHe 


and Fp =WtT sind +Wy, lw We / D=dia.«2.#t 


which combine to give Benson apoeahle 


Fa =Wt D tan + Wye (i) 


But W=0.218 , Ig =eg¥=(24505°S,) (ZH) = 0.3208 


3 
and Wye = Sye¥ = (0.01 x) (ZH) = 0.046) Ib 
Thus, £9.) becomes 
0.320W5h = 0.216 +2 tand + 0.046) Ib 


or s 
LD tan 0 = 0.0743 Ih Also, 0 =C, tov £D* 
= CG U* (0.00238 = \F (2Ft)* 
= 0.003740,U~ 16, where V~ft 
Hence, | | 
0.0037¥ C., ia tan @ =0,0743 or fan@= £9.49 (2) 


Chu 
_up___ (fu 


Also, Re =“ *7a7y,978¢@ OF Re =/.27x107U (3) 
+ 


and from Fjg. 9.21: 
4 ——— ) (4) 


Re 
Thes, select various | mph <U« SOmph lie. Lua tt <Ye4733 ft ) and use 
Eqs. (2),¢3),(¥) fo obtain O, Plotted results are shown below. 
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U; mph Re cD ©, deg 
0 0 —-~ 90 
1 12700 0.40 87.52 
2 25400 0.42 79.71 
5 63500 0.54 34.42 
10 127000 0.55 9.55 
15 190500 0.33 7.10 


20 254000 0.10 13.02 
25 317500 0.08 10.48 


30 381000 0.09 6.52 
40 508000 0.12 2.76 
50 635000 0.16 1.32 


theta, deg 


Note :Becavse of the sudden 
change in C, when the 
boundary layer becomes 
turbulent (at about /5 mph), 
the O ys UV curve ts highly 
non-linear. In tact, for some 
valves of © there is mare than 
one possihle valve of U. Tt 
would nof work well as a wind 
speed indicator in this range. 
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9.71 A 0.30-m-diameter cork ball (SG = 0.21) is tied to an 
object on the bottom of a river as is shown in Fig. P9.61. 
Estimate the speed of the river current. Neglect the weight of 
the cable and the drag on it. 


For the ball to remain . stationary 
SoR=0 and Fy, =0 
Thos, we = 7 cos 20° or Ee oF 


Cos 30° 
and 


dia. D = 0.30m 
Fe = W#T sino" 
Hence, tg =Wt 2 tan30 where Fa = eg ¥ -(20053)(# (2320) } 


a, = 0.1385 kN 
W =X =-(E)e¥ abo 

Thus, = 0,2) (0.1385 kW) 

0.1385 N= 0.0291 kN to tan Zo” =G.029/kN 

f 
“De 0.189 kM, where &=C, +eu'A =6, u*(4) (999 *)(F (on) 
Hoc = 35.3 Cue N, where Un ® 
35.36)U°=/89 op C,U'= 5.35 ‘ 
Also, Re = Ho = 0am Y = 2.68410 U (a 
and L12x/0 - 

from Fig. 7.21 4 —— (3) 


Re 


Trial and error solution for U: Assume Cp; calculate U tram Eq. 


and Re tram E@.(2); check G, from Fq.@), the graph. 
Assume G,= 0.5 —= Y= 3.27 —= Re = 8.76x10"—» C, = 0./5 #05 
Assume G =0.15 —= = §.97  —e Re= 1,60 x 10° -—» Cy = 0.20 #015 
Assume Cy 20/9 —- U= 5.31% —= Re =l42x10°—» Cy = 0./9 (checks) 


Thus, Y= 5.3/2 : 
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. “10- “mm diameter 


1 m long: 
9,7 A shortwave radio antenna is con- (2) 
structed from circular tubing, as is illustrated in 
Fig. P9.72. Estiraate the wind force on the an- ; . 0.5 m 
tenna in a 100 km/hr wind. none 
(3) 
AO-mm diameter 
25 m 5 m long 
FIGURE P9.7, 


LP = LD, + ol, tell, 
=£0U"[G,,AtG, Aa +Gp, As] 


where [= joo (Tan 10" ) \adas) = 278 


Obtain Cp, from Fig. 9 23 for the given ie Us 
a Re,= ra = 7.62 x10" —> Gy = L# 


QZ8 <e 2) @.02m) = 3.8)x/0% 
= : C—_— af 


228 %)(0.01m) _ ¥—+ Gale 2G = 
«Reg = wn xia me mea Op, = ht = Op, = Gp, 
so that 


Da £1.23 68 (228 ey (L alts m\(0.08m) +(.5m)(0.02m) +#( 1m)(0-01n)| 


Or 


J= 190 
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9.73 The large, newly planted tree shown in Fig, P9.73 is kept 
from tipping over in a wind by use of a rope as shown. It is assumed 
that the sandy soil cannot support any moment about the center of 
the soil ball, point A. Estimate the tension in the rope if:the wind 
is 80 km/hr. See Fig. 9.30 for drag coefficient data. 


; 4 Scale drawing 
= FIGURE P9.73 


2M, =0 where the moments are due to the drag, o, and 
the tension in the rope, T. 


Thos, 
Blt =hT , where trom the fiwre L, = (242.5405) my =5.0m 
and b= =2./2m 
e 
Hence, 
T= Ae - a a where trom the figure Ax E£(sm)* 


T 


Thos, with = “(rte y(-) ef) 22.2m 
and ©, = 0.26 (see Fig. 9.21) we obtain 


5.0 _ 
T= sao (BN .23 1) (22.2.2) B05 m)'(0.26) = 3650 N = 3.65kN 
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9.74  stimate the wind force on your hand 
when you hold it out of your car window while 
driving 55 mph. Repeat your calculations if you 
were to hold your hand out of: the window of an 
airplane flying 550 mph. 


= Cytev"A , where U= =(55 mph)( s82..) = 90.7 # 
Assume your hand is 4in. by bin. in size and acts like 
a thin dise with Cy= lI (see Fig. 9.27). 
Thus, . 

Lf =n (E)o. o0238)( 90.7)" (2 4 NSH) = 1.42 |b 
If your hand is normal to the the lift force is ere, 


For U=550 mph = 907 (;, e, a J0fdd increase inU) the 
drag will increase by a factor of 100 (¢.e, B~U") or B=1421b 


Note‘ We have assumed that GC, is act a tunction a DV, That is, 
it is not a function of either Re = uD or Ma = 
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-4.76 A 2-mm-diameter meteor of specific 
gravity 2.9 has a speed of 6 km/s at an altitude 
of 50,000 rm where the air density is 1.03 x 10~> 
kg/m*. If the drag coefficient at this large Mach 
number condition is 1.5, determine the deceler- 
ation of the meteor. 


3 k ayo 3 
i= ma where m=e¥ =e (2) = (2.9)(999 #4) 42 ( pom 
=/2/x/0” kg 
Also, D=Cyzeu7A ji f , 

“ 1.5(£) (1.03 x10 4 )(6x107 2) E (2x10 %m) er il 


Thus, a 
- WY — 8.74 *10 7 im 
a~ Mm ~ p2Txio ekg ~ 7220-5 
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oO - Olam Rough sphere 
i : | D= -2 
9.77 Air flows past two equal sized spheres (one rough, one r i a Bee X0 


smooth) that are attached to the arm of a balance as.is indicated pst ox 2 
in Fig. P9.7Z With U = 0 the beam is balanced. What is the ¢) Zi @ 


minimum air velocity for which the balance arm will rotate _ | 
0.3m 0.5m 
fe 


clockwise? 
FIGURE P9.77 


For clockwise rotation to start, Z:M,<o 
That is 03427050, , where Lf =G, 204, and 


Lf, = Cy, #0 U3 As 


Thes, 
0.3 6,20, A, = 0.5 Gy, 20 Ue fy, , or since Y=Y% and A,~h2 
this gives : 
Cp, = 0.6 Cp, 4?) 
Consider the curves in Fig.9-25 with & =O and $ = 1.25 x/0~ 
C; : : 
Gee % _. & =42sn0* Trial and error solution to find 
¥g P Re so that £9.U) is satistyed. 
[v Bee 
Coz 
Re 
Assume Re = 6x10" —~ by, =O.5 , (p,= 0.46 or ae = O92 4¢0.6 
D; 
Assume Re = 8x10" —= 6),=0.5, Cp, = 0-21 or £22. 0,42 40.6 
Dy 
Assume Re=7xI/0 Cp,= 0.5, Cy, = 0.33 op a = 0.66 ¥0.6 
Thus, Rex 7X08 = LEE eaitin) 2 or V= 10.42 


—5 yr 
L¥6x1O~ FE 
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9.78 A 2-in.-diameter sphere weighing 0.14 1b is suspended by 
the jet of air shown in Fig. P9.78 and Video V3.2. The drag 
coefficient for the sphere js 0.5, Determine the reading on the 
pressure gage if friction and gravity effects can be neglected for 
the flow between the pressure gage and the nozzle exit. 


Area = 0.6 ft? 


For equilibrium, &=W or 
Cp teh, A “W, where A =£D" 
Thus, 
V, a ie 2 W % 
2 “lie pm 


re 
0,5 (0.00238 Slies)ir( Z Fy) $ 


@ FIGURE »@q_78 


Also, 


Area = 0.3 ft? 


Pressure 
gage 


o.31{7 _ ft 
VA, =V, As or V, = Az = (104) as =$2,0¢% 


A, ; 
and ica a 
fp tz 0V = fr +Zel where f2 70 
Thus, 2 
f= $elV,"- Vy" ] = ¢ (0.00238 shes) ion $)- (52.08) | 
hb 
= 9.65 ts 


EO ncneatonneal 
oe 
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9.79 | The United Nations Building in New York is approx- 
imately 87.5-m wide and 154-m tall. (a) Determine the drag on 
this building if the drag coefficient is 1.3 and the wind speed is 
a uniform 20 m/s. (b) Repeat your calculations if the velocity 
profile against the building is a typical profile for an urban area 
(see Problem 9,22) and the wind speed half way up the building 


is 20 m/s. ; e~b 4 
2 ] | k > 2 7 | h 
(@2) O=G, £0VA = /.3(a)\ 23 2%)(202) (54m) 825m) iq 
or 
P= 43! x/0° N = 43/ MN 


vs 
ii =(54m 
(b) For an urban area, U=C ye 
Thus, with U=208% at y=#=77m : Rell 
we obtain 


= 26a = 3.52 , or u= =3.52 y" Y with u~ 


The total drag js Sieg 
= ( dl = (Cy teu? dA= £06, ( (352 Y*Y (875) dy 


a5 y~m 


y=0 
154 
‘B= 4(1.23) (1. sina "dy = 867 (re 8 )(is4y” = 4/7 xj0° N 
Thus, 
= 417 MN 
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9.80 A regulation football is 6.78 in. in diameter and 
weighs 0.91 Ib. If its drag coefficient is Cp = 0.2, determine 
its deceleration if it has a speed of 20 ft/s at the top of its 
trajectory. 


fre _~ W _ 2-0 Ib 
D=ma , where m=% a2 


and 
D= Cy £ CUA = 0.2 (£) (0.00239 SHB) (20 fy (F (428")) =0,0234/b - 


3 
coer ‘ 
0.0238 ft 
m 0.0283 slvgs es 


= 0.0283 slogs 


an 
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9.2) An airplane tows a banner that is 6 = 
0.8 m tall and € = 25 m long at a speed of 150 
km/hr. If the drag coefficient based on the area 
-bCis Cp = 0.06, estimate the power required to 
tow the banner. Compare the drag force on the 
banner with that on a rigid flat plate of the same 
size. Which has the larger drag force and why? 


This, a Cp = 0.06 and V= - iny bite she Fer )= 472 


this gives 
PD = (0.06) (¢)(1. 23 '8,)(41.7-2) (0.8m)(25m) =53,.5x10 W=53.5 kW 


For a rigid flat plate 


P=LU=206,¢eU7b2 (the factor of two is needed because the 
drag coetticient js based on the drag on one 

side of the plate) 

L ftp Re = u C72) (25m) 


wit ~  wbx1o® = 7./¥K/IO” we obtain from 
Fig, 9/5 a or of Ch =0,0025 top a smooth plate. 


Thos, 
P = 2(0.0025)(4) (1.234%) (4,72) (0.8m \25m)= 44810 W =H 46 AW 


For the tat plate case the drag is relatively small because (4 rs 
due entirely to shear(viscws) forces. Due to the “flotlering’ of the 
banner, a good portion of its drag (and hence power) is a result of 
pressure forces . If is nol as streamlined as a rigid tat plate. 
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9.83 The paint stirrer shown in Fig. P9,63 consists of two 
circular disks attached to the end of a thin rod that rotates at 80 
rpm. The specific gravity of the paint is SG = 1.1 and 
its viscosity is je = 2 X 10°? lb-s/ft’. Estimate the power 
required to drive the mixer if the induced motion of the liquid 


is neglected. Lae a 
FIGURE P9, 23 
Tf we neglect the effects of the shatt and rod and consider 
the paint io be stationary , then 


M=2LTR , where M= torqe to rotate shatt 
and 3. drag on one disk = G tevA 


Al.so, [J= wk and P= power to rotate shat} = Mw 


Thus, 
ite 2QMRw = 2 Gyte(wR) EL R a 
i: 
P=£G pu RD =EC,eU'D* where P= 56 Prae 
D 
With Re= CY? = Sexo UD z 
where P 
St 
= oR = (oosger(spiny area) 67 ft) —pa55t 
we have 


/ pa Ae 
eM ign S39) (BD — 1a 


For a circular disk , Cp =/./ if Re >/0" (see Fig. 9-29) 


while Cp = 252 if Re<! (see Table 9.4% e)) 

For this particular problem /< Re=l0.5 </0° 

Note? if the low Reynolds number result (Eg, (A) ts valid yp to Ke=/0.5, 
then Cy = 204 = /, a Ne Gp ee 

To be on the conservative side (¢.2., maximum power) pelt 


use the larger Cy — Ga 19% From Eg, fl) 


: 
ol} 10 18 1tR, 
i 2 2 
= 7 (1,94) Psa SE )(1. 3532) ( sas ft) 


or 
P=o.on2e Hb) ( sso tte ) =7:78xI0 hp 
SY a Sas 


9-72. 


ae 
i) 
© 


9. 85 A fishnet consists of 0,10-in,-diameter 0.10-in-dia. cylinder 
strings tied into squares 4 in. per side. Estimate 4 | 
nh 


the force needed to tow a 15 ft by 30 ft section = 
of this net through seawater at 5 ft/s. Yan. VAAL A 
Ce.cm a 
AV 
The ne? can be treated as one long il 


0.10 -tn.-diameter circolar cylinder with a ae 
A =C, teU'A, where U=5# | Each | Ht" section of the net 
contains 6 feet of string (donot cont the edges twice). Thes, the 


total string length is approximately L=(6 #)( 15 H)(30ff) = 270044 
Also, since @=199 sis and V= 1.28 xjo"S f° (see Table 1.5) 


/ ff section 


V_ fy, 0.10 
- (88TH) 2393/0 Hence, from Fig. 9-21 that Gel 
S 


bt =(.1)(£)(199 SE) (5 BY FH) (270041) = 616 Ib 


9-73 


9.26 As indicated in Fig. P9.86, the orientation of leaves on a FF 0.6 
tree is a function of the wind speed, with the tree becoming Ha y 

“more stceamlined” as the wind increases. The resulting drag 
coefficient for the tree (based on the frontal area of the tree, HW) ; . a 
as a function of Reynolds number (based on the leaf length, £) Ares ane ae 
is approximated as shown. Consider a tree with leaves of length U. 
L = 0.3 ft. What wind speed will produce a drag on the tree that 

is 6 times greater than the drag on the Wee in a 15 ft/s wind? 


18.000 T0000 7,000,000 
Re = pULin 
BFIGURE P9.56 

2 OL 
D=G,tpU A and Re= Pe 
Or 7 : 
bi = Gy 7 (0.00238)U HW = O.00189 HWE U () 
an 5 

_ 0.002395 U(0.3 Ht) _ 7 

Re = 3.74x10" 1b: s/ ft? = 1909 U where U Hh (2) 


Thus, with U =/5 ft/s Re = 1909 {i8)= 28,400 so that from Fig, P 9.84 
Cy =O44 SQ . 
lf, = 0.00119 HW (0.48) (15) = 0.123 HW 


For the drag 6 time as great, = 6 df, = 6(0.123 HW) =0.738HW (3) 
Thus, from E¢s. (1) and @): 


0.738 HW= 0.0019 HWG 

or 

CU" = 62! 

Trial and error solvtion* - . 

Assume Gy=0.3 so that from Eq. (#), U= [82 = 45.5146 and trom Ep (2) 
Re =/909 (45,5) = 86,709, Thus trom Fig, P9.84, Cy=0.33 #03 the 


assumed yalve. 
Try again. Assume Cp = 0.33 > U= 434 —» Re = 82, 900—> Cy = 0,36 £0.33 


(#) 


Thy C= 0.36—-U = 416 fk — Re = 79 300 Cy 2 0.36 


Thus, U = F/,8 tts 
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9.132 The blimp shown in Fig. P9.8? is used at various athletic 
events. It is 128 ft long and has a maximum diameter of 33 ft. 
Hf its drag coefficient (based on the frontal area) is 0.060, 
estimate the power requixed to propel it (a) at its 35-mph 
cruising speed, or (b) at its maximum 55-mph speed. 


MBFIGURE P9. 37 


—P=LU where I-26 40U A 
Thus, with ; 
f= 0.060 (+) (0.00238 = qa )U # (33 ft)” 
= 0.06/10" |b ae U~ fils 

(a) Thos with U= as f (eRe) = 54.3 Hs, 
off = 0,0611(51,3) he | 
so that 
P=HU = 16/1 (51.344/s)( earner) = = Is.ohp 


(b) Simlarly, with V=SS§ mph= 80.7 fi/s, 


=0.0611 (90.7) = 398 |b 
so that 
P= BU = 398) (8078) (<r) = 58.4 hp 
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9.3% Show that for level flight at a given speed, 
the power required to overcome aerodynamic 
drag decreases as the altitude increases, Assume 
that the drag coefficient remains constant. This is 
one reason why airlines fly at high altitudes. 


For Jevel tight X= W, where W=airplane weight = constant 
and L=G xeU'A 
If Vis te remain constant, then G, must increase as e decreases 
(¢.2, altitude increases). 


Also, P= GV, where D=C, 40ev'°A 


or 
P=C> 4eu'A + For constant U.C,, andA ; the power decreases 
as altitude increases ( 0 decreases). 
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9.89 (See Fluids in the News article “Dimpled baseball bats,” Section 
9.3.3.) How fast must a 3.5-in.-diameter, dimpled baseball bat move 
theough the air in order to take advantage of drag reduction produced 
by the dimples on the bat. Although there are differences, assume the 
bat (a cylinder) acts the same as a golf ball in terms of how the dimples 
affect the transition from a laminar to a turbulent boundary layer. 


From Fig. 7.25, for a golf ball the dimples reduce drag tor Re= oe % x10" 
Thus, assume Re = 4X 10" for the bat so that 


UD : x 
Qe 4-X10 


of 
S1V95 3.5 
(0.00238 *HR) U (= ft) gxipt 
(3.74x 10°’ ae) 
This, 
U= 2164 


ed ee 
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| 9.99 (See Fluids in the News article “At 10,240 mpg it doesn’t cost 
much to ‘fill ’er up,’” Section 9.3.3.) (a) Determine the power it 


takes to overcome aerodynamic drag on a small (6 ft” cross section), 
streamlined (Cp = 0,12) vehicle traveling 15 mph. (b) Compare the 
power calculated in part (a) with that for a large (36 fe cross- 
sectional area), nonstreamlined (Cp = 0.48) SUV traveling 65 
mph on the interstate. 


P= power = Ul where k= G,¢0U A 


so that 
P2G,zeUA 
fh 3 
(a) P= 0.12 (4Nooorse HEE (1s Bt) (S280 BLY og ay 


= y fb __lhp = 
ae (4 TEE) = 0.9168 hp 


3 
(b) P= 0.48(¢)(0.00238 Bs (Seer) (36 42) 


3600 s/hr 
= 17 900 Tb (_/hp _) © 
GOO (s54 F4b/S ) = 32.4 hp 
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9.92 A rectangular wing with an aspect ratio of 6 is to generate 
1000 1b of lift when it flies at a speed of 200 ft/s. Deterrnine ‘the 
length of the wing if its lift coefficient is 1.0. 


Aspect rato, H = 074 =G ri 
= % for rectangular = a 
pee 
The life oes 15 Zi Ven by, 
BVA 
L=C, zpu*A where Az=bc=6C* 
=. zpu~( 6c) 
1000 Ub = 1.0 (4) (0.002038 §#t#) (200 *%)* (éc*) 
Gc*=Q].O 
Ce/.27 16 
b=éle) -60.878t) 
pe Jha Fe 
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9.94 A Piper Cub airplane has a gross weight of 1750 1b, a 
cruising speed of 115 mph, anda wing areaof 179 ft’. Determine 
the lift coefficient of this airplane for these conditions. 


For equilibrium X= ve aA bs, where X=G 4ev'A 
Thus, with U=Uls mph) © ae or ad /E9 it 
x 1750 1b 


Ce a En 3 
zeuU*A +(o. oo2sa 59s )(169 E)* (179 f17) peace 
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9.95  Alight aircraft with a wing area of 200 ft* and a weight 
of 2000 Ib has a lift coefficient of 0.40 and a drag coefficient 
of 0.05. Determine the power required to maintain level flight 


For equilibrium X= W= 2000) =6, #eU'A 


or 
2000 |b = (0.40) ¢ (0.00238 SMBs) U (200 ff?) 
Hence, 


y= 458 
Also, P= power = LU, saat 
L= Cy £0U"A =0.05) t(0.00238 BE) (145 HY (200ft*) = 250) 
Note: This valve of o could be jane from 


ee vn 


- Wa. 20008 250 /6 
Co aos 78, OF Ws ge” 
Thus, 


D = 250hb (myst) = 3, 62x10" (cept) = 65.9 hp 
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9.96 As shown in Video V9.19 and Fig. P9.96, a spoiler is used 
on race cars to produce a negative lift, thereby giving a better 
tractive force. The lift coefficient for the airfoil shown is C, = 1.1, 
and the coefficient of friction between the wheels and the pavement 
is 0.6. At a speed of 208 mph, by how much would use of the 
spoiler increase the maximum tractive force that could be generated 
between the wheels and ground? Assume the air speed past the 
spoiler equals the car speed and that the airfoil acts directly over 
the drive wheels. 


o = spoiler length = 4 ft 


Spoiler | 1.5 ft 


:  Berpazson 33 


~ Home Cente: 


MFIGURE P9.96 


Tractive force = R= iM, |W - 


where P= ae ay friction = 0. 6 + hae ll. N= Fe 
‘Thos, N. N 


AB, = ft AN, =“, where Dy is the 
increase in tractive force dve tp the (downward) iit 
Hence, with :. = 200 mph= 293 He, 


#= 290°C A = 4 (0.00238 SE) (293 #Y (1.1) (154) (44) = 67416, 
and. 
Dky = 0,6 (67#¢b)= 405 |b 
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9.97. The wings of old airplanes are often swengthened by 
the use of wires that provided cross-bracing as shown in 
Fig. P9:97.. If the drag coefficient forthe wings was 0.020 (based 
on the planform area), determine the ratio of the drag from the 
wire bracing to that from the wings. 


Speed: 70 mph 
Wing area: 148 ft* 


Wire: length = 160 ft 
diameter = 0.05 in. 


1H FIGURE P 4.972 


wing 
Avie $0 that 
Lnire = Cowire Avire 
ying Cp wing Awing 
Also, A... = LD = (/60#) (295 #1) = 0,667 A? 


2 
, where Ryjng = 148 | Cnyying= 2-22 


wire 


and since seit : 
Pe UD. (zomph)( S25, 28844) eer 
eee Ls7xio-* aia 


From Fig. 921, with Re=2720 we obtain C, =/.0 
Hence, 


Aine (1,0) (0. 667 #47) 
Doing = (0.02) (#8 #1) =0.225 , or 22.5% 


9- 8h 


O 


GAB _| 


-9.9¥ A wing generates a lift & when moving 
through sea-level air with a velocity U. How fast 
must the wing move through the air at an altitude 
of 10,008 m with the same lift coefficient if it is 
to generate the same lift? 


Pa =C tevA so with £,G, and A constant 


4 eu" los level ~ ( e ge Seer 


Hence, iy . ig k 
7 Cea level. U -{ £23 as U 
10,000m_ e “sea level 0. 4/459, | “seq level 
10,000 m ams 
or 
U = 1472 U. 


10,000 m ‘Seq level 


————— 
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9.9/9. Air blows over the flat-bottomed, two-dimensional object 0 0 0 
shown in Fig. 9.91. The shape of the object, y = y(x), and the 25 3.72 0.971 
fluid speed along the surface, u = u(x), are given in the table. 5.0 5.30 1.232 
Determine the lift coefficient for this object. 15 6.48 1273 
10 7.43 1.271 
20 9.92 1.276 
30 11.14 1.295 
: a 40 11.49 1.307 
Ff viscous effects are negligible, then zs i045 cane 
60 9.11 1.195 
x = SP cost — f pcos@dA a 70 6.46 1.065 
fower er 80 3.62 0.945 
where from the Bernollj equation i P28 Seat 


100 0 0.807 


+tou” =p, +d 
The effect of atmospheric pressure, fo, 
drops out when the integration over 
the entire surtace is pertormed, 


With @= 9 on the lower surface and 
with cos@ dA = cos0 (hds) =Ldx, 
where b= wing span, Egsfl) and (2) give 


L= ([e,+de(U~at)] Ld ‘Slave do(v w)| Ld 
lower 
or, since a on the lower Foarecg 


x= - eb So Uur)de = seve (tee , where X= = 3) 


Thus, ae 
Ge Fev A * epee if wien trom £9.63) that 


w= ute) FIGURE P4.97 


a= {ley i] » Lome 


By using a-standard numerical 
integration rovtine with the data 
given we obtain 
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9.10) A Boeing 747 aircraft weighing 580,000. 
‘Ib when loaded with fuel and 100 passengers takes. 
off with an airspeed of 140 mph. With the same 
configuration (i.e., angle of attack, flap settings, 
etc.) what is its takeoff speed if it is loaded with 
372 passengers. Assume each passenger with lug- 
gage weighs 200 Ib. 


For steady flight L=6,2eU'A =W oy 
( Vie denote conditions with 100 passengers 

and ( Jeqq with 372 ae . Thus, with G 
Avo = 4372 , and Goo = Car2 £4.01) gives 


£ 00 = Gora J 


ive _ Yee or U5 =U, 


=: ~ Yoo 


! [580,000 +(372 -100) (200)| 1b 4 


ts72 Vaz 580,000 |b t, with Y= /#0mph 


Thus, Ung = /¥6 mph 


9.102 Show that for unpowered flight (for which 
the lift, drag, and weight forces are in equilib- 
rium) the glide slope angle, 6, is given by 


tan? = CrIC,. 
For st, eady unpowered f light U_\e 
ZF =0 gives = Wsind Te 


and. 
3 hy =O gives Xx = Woos8 


Thos, 
‘ 2 
g = sme = tan® , where gL. BCU AC 


H } - £2 
ence, tanO=e- 
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9/63 If the lift coefficient for a Boeing 777 aircraft is 15 
times greater than its drag coefficient, can it glide from an al- 
titude of 30,000 ft to an airport 80 mi away if it loses power 
from its engines? Explain. (See Problem 9.702) 


C, l 
From Problem 9,102. tan@= 72 = TE 
J C1, 
Hence, anets 
é, rs) 


$2000 bop dz SwoFf 
Pn 15 or 9 
5 = B52m/ 


Hence, the plane can glide 80mi. 


9.Jo4Y On its final approach to the airport an 
airplane flies on a flight path that is 3.0° relative 
to the horizontal. What lift-to-drag ratio is needed 
if the airplane is to land with its engines idled LE 


back to zero power? (See Problem 9, #02.) 
O=3° | 
a “7 ra 


From Problem 9.162 : 
tan O= oa 


or 
2 = tan a= 0.0S24 os =/9./ 
My D 
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9.405 Over the years there has been a dramatic increase in 
the flight speed (U) and altitude (hk), weight (W), and wing 
loading (W/A = weight divided by wing area) of aircraft. Use 
the data given in the table below to determine the lift coeffi- - 
cient for each of the aircraft listed. 


Airerait, 7 Year WI yb ' U.mph W/A lb/ft? } : "h, ft " 

Wright Flyer 1903 750 35 1.5 0 
Douglas DC-3 1935 25,000 180 25.0 10,000 . 
cae Douglas DC-6 1947 105,000 315 72.0 15,000 
Boeing 747 1970 800,000 570 150.0 30,000 


2. er faa ee taal 


Wrigif hak x 
7 Dc-3 : 


17b x10 3 Qb4 


/Soxjo* | #62 


e.ux10* 
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9,10@ The landing speed of an airplane such as the Space 
Shuttle is dependent on the air density. (See Video V9.1.) 
By what percent must the landing speed be increased on a 
day when the temperature is 110 deg F compared to a day 
when it is 50 deg F? Assume the atmospheric pressure re- 
mains constant. 


For equalibrivm , lift = weight, o 


40UGA =W 

Thus, with constant W,C,, andA, 
2 | 

(Or) 


70 


Doe -(-2 


1 Cro } ‘50° 


But £ =eRT SO that eso. _ (feo (RT) (¥60+I/10) 


2 
ae (e0 de sas or 
% 


Cue (Pro /RTyo) (#80 #50) 
7 hus 


4 


T,, = Vii 76 [Lp = 10572 Ue or a S.727% increase 


H 


5D pipe: | 


9.407 Commercial airliners normally cruise at relatively 
high altitudes (30,000 to 35,000 ft). Discuss how flying at this 
high altitude (rather than 10,000 ft, fer example) can save fuel 
costs. 


For level flight W=aircratt weight =<=6,20U'A 
Thus, for given W,C,,andA the dynamic pressure 
. — independent of altstude. That ss 


eu’) se Zz uv") OF Uae - (See 10,000 


jo, 0007 30,000 ff ? 30,002 


Also, since an ee is =C 5» LeU A it Sal that 
oo? =C, p07 AL a”) #eV A) (since ZU, Toot a £0 Unease 


32,000 


Hence, the aircrart can tly lad fF high altiteded with the 
same amovnt of drag (Abbero0 = inoue) 
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9.109% For many years, hitters have claimed that some baseball 
pitchers have the ability to actually throw a rising fastball. 
Assuming that a top major leaguer pitcher can throw a 95-mph 
pitch and impart a 1800-rpm spin to the ball, is it possible for 
the bali to actually rise? Assume the baseball diameter is 2.9 in. 
and its weight is 5.25 oz. 


If the lift produced on the spmning ball is greater than its weight the 
ball will rise. ww =/g00rpm x 


T2 189 Cad ; 
L= C, z0U A = fj _ Y= 4S mph 
where C, is a function of ¥P =139 fH/s 
as shown in Fig. 9.39. W = 5.25 of =0,328 Ib 
Thus, with 


wd (eg O84) (233 f4) 
Zo” 2 (139 fis) 


C, = 0.04 


= 0,163 


Hence, for the given conditions 


j l 
x = 0.04( z)(0.00238 EN 139 £4) 


x£ (23)° = 0.0422 Ib 
so that 
£= 0.042216 < W=0,328 Ib 
The ball will not rise. 


Note: The above result is based 
on smooth-sphere data, The results | 
for a baseball (with its rovgh surtace ee te ENB ikon 
containing seams) will probably pial 

give a somewhat larger lift because 

for a given angular velocrly it can 

drag" more ar aleng as s+ spins. 


obt2Uu 
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9.37G (See “Learning from nature,’ Section 9.4.1.) As 
indicated in Fig. P9.1/6,_birds can significantly alter their 
body shape and increase their planform area, A, by spreading 
their wing and tail feathers, thereby reducing their flight 
speed. If during landing the planform area is increased by 
50% and the lift coefficient increased by 30% while all other 
parameters are held constant, by what percent is the flight speed 
reduced? 


BFIGURE P9.110 


L=G,zeUA | 
Let (), denote landing conditions and (), denole normal flight condrtions. 
Thus, with x) = X, ; 


x0 UA, = Oe zeU, “Ae 


Z 
IE a2 ae [a 
[7 = U : ale iS ais Czy 
2 / Ay Cro UY LSA, IC, 
or 


U,-U 
+5 =0,7l¢-/ =-0,294 


YU, 


bea 28.47 reduction in flight speed 
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9.111 (See Fluids in-the News atticle wy 8 ne Section 
9.4.2.) It is estimated that by itist nidtely. designed 
wiriglets on-a certain airplane the aay coelilent ‘will be te 


by 5%. For the sane engine thrust, by what peroent will the et 
speed be ‘inuteased by use of the winglets? 


Let (), senile vithoot sisal and ( ), with winglets. 
Thus, since drag eguals thrust and throst, = thrust, , it follows 
that 
f=. 
or 
Cp, 2eU A =O, 20 U 
SO that with Ay: =Az, 
U, = ul = U yoo = 1.02600, 


O95C,, 
Ths, a 2.60% increase in speed is realized. 
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9.1/2 Boundary Layer on a Flat Plate 


Objective: A boundary layer is formed on a flat plate when air blows past the plate. The 
thickness, 6, of the boundary layer increases with distance, x, from the leading edge of the 
plate. The purpose of this experiment is to use an apparatus, as shown in Fig. P9.112, to mea- 
sure the boundary layer thickness. 


Equipment: Wind tunnel; flat plate; boundary layer mouse consisting of ten Pitot tubes 
Positioned at various heights, y, above the flat plate; inclined multiple manometer; measur- 
ing calipers; barometer, thermometer. 


Experimental Procedure: Position the tips of the Pitot tubes of the boundary layer 
mouse a known distance, x, downsweam from the leading edge of the plate. Use calipers to 
determine the distance, y, between each Pitot tube and the plate. Fasten the tubing from each 
Pitot tube to the inclined multiple manometer and determine the angle of inclination, 6, of 
the manometer board. Adjust the wind tunnel speed, U, to the desired value and record the 
manometer readings, L. Move the boundary layer mouse to a new distance, x, downsweam 
from the leading edge of the plate and repeat the measurements. Record the barometer read- 
ing, Hy.» in inches of mercury and the air temperature, T, so that the air density can be cal- 
culated by use of the perfect gas law. 


Calculations: For each distance, x, from the leading edge, use the manometer data to de- 
termine the air speed, u, as a function of distance, y, above the plate (see Eq. 3.13). That is, 
obtain u = u(y) at various x locations. Note that both the wind tunnel test section and the 
open end of the manometer tubes are at atmospheric pressure. 


Graph: Plot speed, wu, as ordinates and distance from the plate, y, as abscissas for each 
location, x, tested. 


Results; Use the u = u(y) results to determine the approximate boundary layer thickness 
as a function of distance, 6 = d{x). Plot a graph of boundary layer thickness as a function 
of distance from the leading edge. Note that the air flow within the wind tunnel is quite tur- 
bulent so that the measured boundary layer thickness is not expected to match the theoreti- 
cal laminar boundary layer thickness given by the Blassius solution (see Eq. 9.15). 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Boundary tayer mouse 
? a Pitot tubes 
s ata 


Flat plate 


inclined manometer 


\e @ FIGURE P9.142 


(con't) 
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Solution for Problem 9.1:/Q: Boundary Layer on a Flat Plate 


8, deg Ham in. Hg ~—-T, deg F Yu20, lb/ft*3 
25 29.09 80 62.4 
y, in. L, in. u, ft/s y, in. L, in. u, ft/s 
Data for x = 7.75 in. Data for x = 3.75 in. 
0.020 0.20 19.9 0.020 0.15 17.2 
0.035 0.35 26.3 0.035 0.35 26.3 
0.044 0.48 30.8 0.044 0.45 29.8 
0.060 0.70 37.2 0.060 0.71 37.5 
0.096 0.95 43.4 0.096 1.20 48.7 
0.110 1.06 45.8 0.110 1.30 50.7 
0.138 1.21 48.9 0.138 1.56 55.6 
0.178 1.44 53.4 0.178 1.77 59.2 
0.230 1.70 58.0 0.230 1.95 62.1 
0.270 1.85 60.5 0.270 2.00 - 62.9 
Data for x = 5.75 in. Data for x = 1.75 in. 

0.020 0.20 19.9 0.020 0.20 19.9 
0.035 0.42 28.8 0.035 0.50 31.5 
0.044 0.50 31.5 0.044 0.68 36.7 
0.060 0.71 37.5 0.060 0.90 42.2 
0.096 0.98 440 0.096 1.51 54.7 
0.110 1.06 45.8 0.110 1.70 58.0 
0.138 1.30 50.7 0.138 1.90 61.3 
0.178 1.54 55.2 0.178 1.95 62.1 
0.230 1.76 59.0 0.230 2.00 62.9 
0.270 1.88 61.0 0.270 2.00 62.9 


pu7/2 = Yu20*L sin6 


where 


P = Patm/RT where 


Patm = Yu20"Haim = 847 Ib/ft*3*(29.09/12 ft) = 2053 Ib/ft*2 
R = 1776 ft lb/slug deg R 
T = 80 + 460 = 540 deg R 


Thus, p = 0.00222 siug/ft*3 


Approximate boundary layer thickness as obtained from the graph: 


x, in. 6, in. 
1.75 0.15 
3.75 0.20 
5.75 0.27 
7.75 0.30 
(con't) 


5 ae 


9/12 | (can’t) 


Problem 9.1/A 
Velocity, u, vs Distance, y 


—e—x = 7.75 in. 
—B— xX = 5.75 in. | | 
—4—x = 3.75 in. 
—O8-—xX= 1.75 in. 


u, ft/s 
ae — _— , : _| 


Problem 9.412 
Boundary Layer thickness, 5, 
vs 
Distance from Leading Edge, x 


amnenannn aa ase a aor a aR Dio ee 


| ° Approximate boundary layer 
oe thickness 


Best fit power-law curve | 
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9.1 3 Pressure Distribution on a Circular Cylinder 


Objective: Viscous effect within the boundary layer on a circular cylinder cause bound- 
ary layer separation, thereby causing the pressure distribution on the rear half of the cylin- 
der to be different than that on the front half. The purpose of this experiment is to use an ap- 
paratus, as shown in Fig. P9.143, to determine the pressure distribution on a circular cylinder. 


Equipment: Wind tunnel; circular cylinder with 18 static pressure taps atranged equally 
from the front to the back of the cylinder; inclined multiple manometer; barometer; 
thermometer. 


Experimental Procedure: Mount the circular cylinder in the wind tunnel so that a sta- 
tic pressure tap points directly upstream. Measure the angle, B, of the inclined manometer. 
Adjust the wind tunnel fan speed to give the desired free stream speed, U, in the test sec- 
tion. Attach the tubes from the static pressure taps to the multiple manometer and record the 
manometer readings, L, as a function of angular position, 6. Record the barometer reading, 
Hy,, in inches of mercury and the air temperature, 7, so that the air density can be calcu- 
lated by use of the perfect gas law. 


Calculations: Use the data to determine the pressure coefficient, C, = (p — po)/(pU?/2), 
as a function of position, 0, Here py = 0 is the static pressure upstream of the cylinder in 
the free stream of the wind tunnel, and p = y,,L sinf is the pressure on the surface of the 
cylinder. 


Graph: Plot the pressure coefficient, C,, as ordinates and the angular location, 6, as 
abscissas. 


Results: On the same graph, plot the theoretical pressure coefficient, C, = 1 — 4 sin’6, 
obtained from ideal (inviscid) theory (see Section 6.6.3). 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


Static pressure tap 


tnclined manometer 


Cylinder 


@ FIGURE P9.143 


Ccon’t) 
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Solution for Problem 9.1j)3: Pressure Distribution on a Circular Cylinder 


B, deg Hatm: in. Hg T, deg F U, ft/s 


25 29.97 75 47.9 
Experiment Theory 
0, deg L, in. p, Ib/ft*2 C. Ce 

0 1.2 2.64 1.00 1.00 
10 1.1 2.42 0.92 0.88 
20 0.7 1.54 0.58 0.53 
30 0.1 0.22 0.08 0.00 
40 -0.6 -1.32 -0.50 -0.65 
50 -1.6 -3.52 -1.33 -1.35 
60 -2.4 -5.27 -2.00 -2.00 
70 -3.1 -6.81 -2.58 -2.53 
80 -3.0 -6.59 -2.50 -2.88 
90 -2.7 -6.93 -2.25 -3.00 
100 -2.7 -§.93 -2.25 -2.88 
110 -2.6 -5.71 -2.17 -2.53 
120 -2.6 -5.71 -2.17 -2.00 
130 -2.6 -5.71 -2.17 -1.35 
140 -2.6 -5.71 -2.17 -0.65 
150 -2.6 -5.71 -2.17 0.00 
160 -2.7 -5.93 -2.25 0.53 
170 -2.7 -5.93 -2.25 0.88 
180 -2.8 6.15 -2.33 1.00 


P = Yx20"L sin 
0 = Patm/RT where 
Patm = YHg Hatm = 847 lb/ft*3*(29.97/12 ft) = 2115 b/ft*2 


R = 1716 ft lb/slug deg R 
T= 75 + 460 = 535 deg R 


Thus, p = 0.00230 slug/ft*3 
Cy = p(pU7/2) 


Theory: C, = 1-4 sin’e 


(con't) 
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Problem 9.1 i2 
Pressure Coefficient, C,, vs Angle, 0 


q 
~ 
i 
i 


| —_— Theoretical (inviscid 
| flow) _ 


O 30 60 90 120 150 180 
0, deg 
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10.2 On a distant planet small amplitude waves travel across a 
1-m-deep pond with a speed of 5 m/s. Determine the acceleration 
of gravity on the surface of that planet. 


c =Voy , where c=5-5 and y=!m 
Thus, 


10.3 The flowrate in a 50-ft-wide, 2-ft-deep 
river is O = 190 cfs. Is the flow subcritical or 
supercritical? 


3 
190 


Eeen ak ee = L905 
Fr “gy , where V g (24)(Soft) =/,q0 8 


os, ii 
Fr= = = 0,237<! The flow is subcritical. 
432.2 £)(24#) ——————— 


[O0-[ 


10.4 The flowrate per unit width in a wide 
channel isq = 2.3 m*/s. Is the fiow subcritical or 
supercritical if the depth is (a) 0.2 m, (b) 0.8m, 
or (c) 2.5 m? 


V5 Gb - 4 sothat Fr=-b - 4. - 


0.2. 8.21 supercritical 
0.8 1,03 supercritical 
2.5 0./86 


subcritical 


}0-2 


10.5 A rectangular channel 3 m wide carries 
10 m?/s at a depth of 2 m. Is the flow subcritical 
or supercritical? For the same flowrate, what depth 
will give critical flow? 


3 

: =& 2 _l0F 

V or V by (3m)(2m) 
Us, ip 

Fro. peers 0.376<1 The flow is subcritical. 


iy [(ae@)(2my = 


= 1.667 2 


m3 
Os 


2 
= 3.33 B so that 
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10.6 | Consider waves made by dropping objects (one after 
another from a fixed location) into a stream of depth y that is 
moving with speed V as shown in Fig, P10.6 (see Video VI05). 
The circular wave crests that are produced travel with speed 
c = (gy)!” relative to the moving water. Thus, as the circular 
waves are washed downstream, their diameters increase and the 
center of each circle is fixed relative to the moving water. (a) 
Show that if the flow is supercritical, lines tangent to the waves 
generate a wedge of half-angle a/2 = arcsin(1/Fr), where @ FIGURE P10.6 
Fr= Vi(gy)? is the Froude number. (b) Discuss what happens ; 
to the wave pattern when the flow is subcritical, Fr < 1, 


(a) In a time interval of £ since the object hil the water (and imiatiated 
the wave), the center of the wave has been swep! cownstream a 
distance VE and the wave has expanded to be adistance ct trom 
its center. This is shown in the tigure below. Mote that Vé=ct 

if V>e Ce.e, Fr>/). 


~— 


a . -ox. ct 2 ons ahs 
Thus, from the figune, Sinz = —ay— = -G =“ = Fr 


oF x = arcsin(|l/Ffr) 


(b) Tf Fr</ the above result gives sin® >! which rs impossib/e. 
For Fr<i the following wave pattern would result, There Is no 


“wedge” prodyged. 
= et iat non-concent ric 
ye 4 277 ~~ ~>.47 circular Waves 
i \ 
re : RR R\S 
\ A Dede Sar 
\ we ae ae ly 
~~ \ ‘ = eee 
Vé<ct if Ge 
Fr<! 
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10..7 Waves on the surface of a tank are observed to travel at a 
speed of 2 m/s. How fast would these waves travel if (a) the tank 
were in an elevator accelerating downward at a rate of 4 m/s’, 
(b) the tank accelerates horizontally at a rate of 9.81 m/s*, (c) the 
tank were aboard the orbiting Space Shuttle? Explain. 


ce _ (2%) 
= = = 0.408 m 
Yo - oak | 
(a) Tf the tank accelerates down wilhacceleration a , the effective 
alas of gravity is Gore 294 =(9.81-#)& = 5.81 & 
US, 


C= Very ~ (5.01 4 )(0.408m)= 1.542 


(b) If the tank accelerates horizontally with 


acceleration a, the effective acceleration is yo 
Gest = 973 a? = |781°+9,81" = 13.87% 


Thus, De q 
C= fi3. 8725) (0.408m) = 2.39 2 
=< a 


(c) In orbit ett =O (weightless) so 670 
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19.8 In flowing from section (1) to section (2) along an 
open channel, the water depth decreases by a factor of two and 
the Froude number changes from a subcritical value of 0.5 to a 
supercritical value of 3.0. Determine the channel width at (2) if 
it is 12 ft wide at (1). 


Fr, ge = OS, or Voy, = 2.0', (h) 
1 


Fr ts =3.0 where ez O5y, 


V9 Yo 


Thus, “4 23.0, or Vay = V, (3¥05) (2) 
05g) 

By equating Eq. () and(2): 2.0V,=K4/Gfes) 

or 

V,=424\, 


However, Q,=@2 or by, \= bay, Vz, where b=channel width. 
Thos, with 6, =/24? oa 
(1241) y, (VY) = b, (0-5 ys) (424V,) or b= Os(hin = S66 


& 
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10.9 Observations at a shallow sandy beach 
show that even though the waves several hundred 
vards out from the shore are not parallel to the 
beach. the waves often “break” on the beach 
nearly parallel to the shore as is indicated in Fig. 
P10.4. Explain this behavior based on the wave 
speed c = (gy). 


ee) east 
FIGURE P10.q 
Since C=9y it follows that C,>C, because of the fact that y,>yp . 
There fore, as the waves move, that portion in the deeper water 
fends to catch up” with that portion closer fo shore in the shallower 
waler. The wave crest tends to become more nearly parallel to the 
shore line. The waves “break” on the shore as if the wind were blowing 
normal to the shore. 


tt 


10.11 


10.1 Often when an earthquake shifts a seg- 
ment of the ocean floor, a relatively small am- 
’ plitude wave of very long wavelength is produced. 
Such waves go unnoticed as they move across the 
open ocean: only when they approach the shore 
do they become dangerous (a tsunami or “tidal 
wave”). 

length, 4, is 6000 ft and the ocean depth is 15,000 
ft. 


From Eq, 10.45 E= =| 24 tan A(22Y Nie 


4 
c= | aly 14 nh (220080) = /75 if 


6000 ft 


10.12 A bicyclist rides through a 3-in. deep puddle of wa- 
ter as shown in Video V10.5 and Fig. P10.12.If the angle 
made by the V-shaped wave pattern produced.by the front 
wheel is observed to be 40 deg, estimate the speed of the 
bike through the puddle. Hint: Make a sketch of the current 
location of the bike wheel relative to where it was At sec- 
onds ago. Also indicate on this sketch the current location 
of the wave that the wheel made At seconds ago. Recall that 
the wave moves radially outward in all directions with speed 
c relative to the stationary water. 


At time {=O the front wheel was w FIGURE P10.12 
at point (0), At the current time, fo 

t=at, the wheel has traveled a 
distance d= Vat and is at point (1), 
At time t=at, a wave produced a 
by the wheel when if was at (9) 

will be adisiance cat from(o) ) | 
as indicated inthe figure . Yes 
Waves produced at variovs times 
(from t=0 104 =At) by the front : 
wheel will form a V-shaped wave 


wave produced 
at (0) when £=0 


V-shaped “bow 
wave from front 
wheel 


as shown in the second figure : 

( provided V>c » syperorit ical \ /2, = 20° 
bike speed). ae 

From the geometry of the figure Val 


Kk  CAt \ Fe 
Sina = Vat : cat i 
or “a 


4 
Bese where c-Vgy =| 32.2 E (AN) = 2.08 
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10.43 Determine the minimum depth in a 3-m-wide rectangular 
channel if the flow is to be subcritical with a flowrate of 


QO = 60 m’/s. 
-9 . 0% _ 20 here V~ 2 when yedepth~m 
(3m) y y » where ¢ when y=dep 
Also, 
ie AF #) _ 639 


“thy * [(a.8 By] = y2/2 


Note: As y decreases , Fr increases 
Thus, fo have Fr<! we must have 6.37 | 


3/2. 
y 4 


y> (6.39) = 344m 


/0-/0 


10.14 (See Fluids in the News article titled ‘Tsunami, the nonstorm 
wave,” Section 10.2.1.) An earthquake causes a shift in the ocean 
floor that produces a tsunami with a wavelength of 100 km. How 
fast will this wave travel across the ocean surface if the ocean depth 
is 3000 m? 


) 4, 
: -|# tanh (27 | , where A=100km = 10°m and y = 300m, 


Thus, 
ie 5 % 
c=] 2.81 s% (10° m) 27(3000m) 7 
feces Gara) ILE 
or 


on 111 (250) sat) = 616 He 


lo-il 


10.15 Water flows in a 10-m-wide open channel with a flowrate 
of 5 m?/s, Determine the two possible depths if the specific energy 
of the flow is E = 0.6 m. 


2 


Ea yt et where £ =0.6m and 


3 
b 10 ms O, Ry 


t 
Thus, Eq. (1) becomes 


A6m=yt fies 
S * 
or 
06 =yt-- where y~m 
Solution to this equation give 


y= 0,569m and y= 0.173 m 


10-12 


10.16 Water flows in a rectangular channel with a flowrate 
per unit width of g = 2.5 m?/s, Plot the specific energy diagram 
for this flow. Determine the two possible depths of flow if 
E = 2.5m. 


72 
e (2.52) 0.319 
= yr = + - = +. 
as agy? "3 (a61B)y? eye 


Thus, plot 
E=yt 


¢ , where E~m, y~m 


2\k% : ma 4 
Note: u-(F) {Se ) = 0.860 m 


Emin = 2 Ye = 2 (0.860m) = 129m 


0.319 
y 


and 


y vs E. 


0.3/9 
For £=2.5m, Eq.) Is 2.5 =y + y* 
or y? -2.5y7+0.3/9 =O 


The roots to this equation are y= 2.45 , 0.338 , and -0.335 


Thus, y= 245m op y = 0.388 m 
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10.17 | 
10.17 Water flows radially outward on a horizontal round 
disk as is shown in Video V10.I2and Fig. P10.17 (a) Show that 


the specific energy can be written in terms of the flowrate, Q, 
the radial distance from the axis of symmetry, r, and the fluid 


depth, y, as 
E o) 
=y + — 
; 2ur} 2gy? 


(b) For a constant flowrate, sketch the specific energy diagram. 

Recall Fig. 10.7, but note that for the present case r is a variable. 

Explain the important characteristics of your sketch. (¢) Based 

on the results of Part (b), show that the water depth increases 

in the flow direction if the flow is subcritical, but that it B® FIGURE P10.17 
decreases in the flow direction if the flow is supercritical. 


Q 


2 
(a) The specific energy is E=yt 3 , where V= g. ane 


Thus, 2 
E~ y+(see) Bg ye 


(b) Let G = ~ sothat E=y ae Which is the same as for 


two dimensional flow with @ = 2 being replaced by J. However, 

for two dimensional flow g is constant; for radial flow J is a 

variable since r varies. But E vs ycurves for constant g would 

look as shown below (Fig, 10.7). subcritical 


(c) From the Bernoulli equation 
E,=£, or £=constant for this flow, 
Consider subcritical flow —pomt 
A. For ovtilow r increases so that é 
x decreases. Thus since E= const, increasing g 
the flow goes from state A, to Aa; 
the depth increases, For sub~ 
critical inflow r decreases, $ increases, — F, =E2 
the flow goes from A, to Az and the depth decreases. 
For supercritical flow t is trve. Thus, 
outfow increases r, decreases J; or inflow 


from B, to By— decreasing depth. 


Super- 
Critical 


subcritical 


depth 
decreases 


supercritical 


_ depth 
increases 


odes h 
Supercritical inflow from By to By—- —ovtflow ie Pe 


increasing depth. 


10-14 


PB, 
Ngo! 


10/8 


10.18 Water flows in a 10-ft-wide rectangular channel with a flowrate 
of 200 ft/s. Plot the specific energy diagram for this flow. Determine 
the two possible flowrates when the specific energy is 6 ft. 


3 


- 2.00 f{? 
E= tah» where Gt Tage nse 


i (20%) 
Bey" D022 Hi) y? 


(1) = y+ $2!) where E and y~tt 


Ea. ()) 1s plotted below. 


y>-by*b,21=<0 which has solvfions 
y=5.824 on yshl29g ft 


These Valves Pe ren the above figure. 
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10.19 = Water flows in a rectangular channel at 
arate ofq = 20cfs/ft. When a Pitot tube is placed 
in the stream, water in the tube rises to a level 
of 4.5 ft above the channel bottom. Determine 
the two possible flow depths in the channel. Il- 
lustrate this flow on a specific energy diagram. 


aM +z, = ny Ve rg where 2,=z 
oe 2g “! SS 2g 723 472, 


Vz=0, Sh, and Ge = 4S-(y-h) 
Thus, : | : 
ht B= 4s5-yth, or ge -45-y 


but, HH? 
y _ 4 . 203 


y y 
Hence, 
20 
icom =45-y or y-4Sy*+6.21=0 , where y~H 
2(32.2 £,) | 


The roots of this eqation are y= 41%, 1.42, and -/.06 


US, 
y= 414 ft or y =/.42 ff 


: (20 #)" 62 
E=ytta ae asryTey yye Ezy? a ay 
2 


The specitic energy diagram (plot of Eg. Q)is shown below. 


5.0 ¥- 
- aes | ois bel, | 
a Lev yeah | | 


10.20 Water flows in a 5-ft-wide rectangular channel with 
a flowrate of Q = 30 ft®/s and an upstream depth of y, = 2.5 ft 
as is shown in Fig, P10.20, Determine the flow depth and the 
surface elevation at section (2). ; 


0.2 ft (2) 
(1) 


FIGURE P10.20 


Zz 
2 4. = 
¥ t 2g +42, where ae 2,=y,=2t, 2,=O0.21 ty, 


ae 
-@ _ Gof) ft B 30 
Y 42 (241)(SH) <3, and \a* ae (SID, ~ Ya 
Thus, : 
2(32.2 ft) by eve ea ; Ms 


or 
3 2 5 
Mla ‘e +0.559=0 which has roots Yo= L774 0.632, and - 0,632. 


3 it 
Note * Fr, =a " [@22B)i2ny]* 


If y, = 0.632, then Frz>1, This y 
cannot be since there js no “bump" 
between () and (2) at which critical 
conditions can Occur: 


Thos, Vy = 1.774 ff and 22= 1.97 ff 


= 0,37% </ 


ap) yi =2 ff 
C2) yp = 1, 77444 


2, =0,632 tt 


]0-/7 


i 
Ne 


qd) 


(2) 


10.21 Repeat Problem 10.20 if the upsweam depth is y, = 0.5 ft. ok oe 


0.2 ft (2) 


(1) ' 
FIGURE P10.20 _ 


Ve sed ces Seis 2 
Gl + rt a fe Begs, where 4, =f2=9, Z=V, 7 OStt, 2=O.24 tye, 


f 30 ip ft Q 20 ff é 

= A ooo ef 2 = et ge aes 
h (osmem ~/7 5. and "A, TsHy ~ Va 
Thus, od 

(12 ty +08 ft = Ye + O.2Ft FY. 
2 (32.2 £) 2(32.2£) = 
or 

ys oe + 0.559 =O which has roots y= 2.¥4#, 0.528, and -0. 434 


12 # 
Mote : Fr, “- * jn2 Byosn)* = 2.99>| y 
Tf y, = 2.464, then Fr3<1. This cannot be 
since there is no “bump” between (1) and (2) 
at which critical conditions can eccor. 


1 yr0.528f 
y =0.5 ff 


Thus, = 0.528 ft and 22.7 0.728 ff 
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30.22* Water flows over the bump in the bot- 
tomofthe rectangular channel shown in Fig. P10.22 ) 
with a flowrate per unit width of g = 4m*/s. The 
channel bottom contour is given by z, = 0.2e7". 
where Z, and x are in meters. The water depth 
far upstream of the bump is y, = 2 m. Plot a 


graph of the water depth. y = y(x), and the sur- ~ 
face elevation, z = z(x). for -4m sx <4m.° 2p = 0.2e7* 
Assume one-dimensional! flow. FIGURE P10.2.2 
Vo 
Fe +H 42,2 tag +2, where Pit “0, 2°\=2m, 222 tZe 


or Z=ytO2ze fe y= 4 = 4% = 22 and V= = = # 


2In 
fo mn* 2 
Thus, (23) 2m= (98) , #) yto2ze” 


Bg 2.(4.813) 200.9)) 

_(2.20-0.2€* )y?+0.815=0 where y~m w 
Solve for y a -Yexe ey 
Note: Fr, = 22 = 0.452 </ 


To * [agi em)] 
Thus, the flow will remain subcritical 


throughout — the largest root of E.G) 
will be the correct one. 


The following results are obtained by solving Ea. (1) for y 
and then #eyt02e x top Ym exelem, 


£x,m y,m zm 
0.0 1.727 1.927 
0.5 1.790 1.946 
1.0 1.901 1.974 
1.5 1.969 1.990 
2.0 1.991 1.994 
2.5 1.995 1.995 
3.0 1.995 1.995 
3.5 1.995 1.995 
4.0 1.995 1.995 
(con't) 


(cont) 
The above resulis are plotted in the graph below, 


y VS X 
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*10.23 Repeat Problem 10,22if the upstream depth is 
0.4 m. 


a 
zp = 0.2e one 
FIGURE P10.22 


Bs Hag, = & tag 33 eZ, where #r“P* <0, 2,=4=04m , 77 YtZp 
or m= yto2e™, Ya $248 on and Ve #= 


0.4m 3, 
Thus, _(10#) ($m) -x? 
——-_ +0.4m= “54. +yt02e 
2(4.812) mn 2(48/2)7 a 
or 2 
yi —(5.50 - 0.24 *")y? +0.8/5 20 where yom O 


Solve for y ~#exXe4m 
Note: Fr 2 10F cose, 
ees i ~ [qarByormy! 
Thus, the flow will remain supercritical 
throughout —the smalles} positve root of 
Eq.t) will be the correct one. E 


The following results are obtained by solving Fg. (i) for y 
and then 27y+0.2€ "for - Ym SK < 4m. 


tx,m y,m zm 
0.0 0.408 0.608 
05 0.406 —0.562 
1.0 0.403 0.476 
1.5 0401 0422 
2.0 0.400 0.404 
25 0.400 0.400 
3.0 0.400 0.400 
3.5 0400 0.400 
40 0400 0.400 
(con't) 


jo-2! 


/0.23*| (con't) 
The above results are plotted on the graph below. 
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O 


Nee” 
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10.24 Water in a rectangular channel flows into a gradual 
contraction section as is indicated in Fig. P10.24. If the flowrate 
is Q = 25 ft°/s and the upstream depth is y, = 2 ft, determine the 
downstream depth, y,. 


FIGURE P1024 '0P view 


wm (2) 
; _ Side view : 


where fifa =0,2,=y=2f z= “Ys, 
3a 
2Z5 ff 
Vi $ = 255 = 3/3 ond Veh 2 28. 8.33 


(afi) Ss 2° fn” (3H), Oa 


Thus 
aS? fy +2fi= Ser) + 
2 (32.2%) ~ 2(32.28) Ya 
or 
Ve - 2.15 a + 1.077 =O which has roots Y,=!.828, 0.946, and-0.623 (0 
ft 
Note: Fr, = acces 0.390<! 
: “ir -[(sz. 2Byany* 


Since there is no relative minimum 
area between (1)-and (2) where critical 
flow can occor it follows that Fr<! 
also. Thus, His not possi'b/s fo 

have Yo = 0.948 


Thos, Vy, = 1.828 ff 


/0-23 


oO) 


New? 
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10.25 Sketch the specific energy diagram for the flow of 
Problem 10,24 and indicate its important characteristics. Note 
that g,; # qo. 


E=ytahy , 
Thus, for the b= 44 chamel , 4.,* 2. 


or at 
yg 25 FF a 0607 
a es 2 (32.2 )y2 OF Boyt ye 
iP 

For the ba=3 4 chamel, G2* # = ae = 9,33 


yi 


. (8.337 
= ook Ee L077 
‘i Y" 222.248) y2 or E~yrt at 


Note: yA (£) so that Ls ($5 - (Gast) he LO67# 


and 
sf gs (8.33££)23_ 
Yeq=(-# ) rere aa ) = {292 # 


32.2 if 


92.28 
Also, Enin =% Ve, OF Emin = 2 (1.067 11)= 1.500 
Eming = %U.292 Ft)= 1.938F 
The specific energy diagrams (Egs.(1) and(2) are plotted below : 
9 5 ee ee 


1.828 Fl 
1.5 +— a - / ___ Cee Prob 


y, ft 


10.2.6 | 


10.26 Repeat Problem 10,2if the upstream depth is y, = 0.5 ft. 
Assume that there are no losses between sections (1) and (2). 


Top view 


FIGURE P10.24 


2 Side view 
Sit Hh +2, = w+ Kez, where f) = fh * =O, 2 ah aoa =O.5ff, 227 Va, 
f ft? 
~Q 455 pct eV. 255 | 8.33 
V, a Gans) ~/2 5s , and Me= Ay (3 FH) Ya Ya. 
Thus, Se) 33) 
2. (32.2 h ~ 2 (32. 2. ft 2 


r 93 : 
Yon — 2.92 yp + 1,077 =O which has roots y,= 2.79, 0.69% and - 0.555 


re ee 12.5 
Wote* Fr, = Voy ((32.2£)(0.5#))# 
Since there is no relative minimum 2. 
area between (1) and (2) where critical 
flow can occur it follows that Fr,>! 
also. Thus, it is not possible to 
have y,= 2:79 (the subcritical root). 


Thus, \,= 0.6944 


= 3./2>] 
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10.27 Water fiows in a rectangular channel with a flowrate 


per unit width of g = 1.5 m*/s and a depth of 0.5 m at section (2) 
(1). The head loss between sections (1) and (2) is 0.03 m. Plot (f) 

the specific energy diagram for this flow and locate states (1) V, Va 

and (2) on this diagram. Is it possible to have a head loss of pore y; % 


0.06 m? Explain. ; } 


fr, +Z, = = +e A +2, +h, , where fi f2=2, Z,= 0.5m, Z2 =\,, (i) 


gq _ 15k m gs 
- ose = OE = pee a ee ie 
i= = "9.5m = 3s , and a = Va Ya 


Thos, with E= yt and hy, = 0.03m Fa,() fs 


E, = £2 +0.03 

Also, g (1.52)? 
E= yra ine “Y* Day? 

or 


Fel2) is pe below. 


Notes y.=($)* =(4SEY)*. 0.612 m 


and 4 : 
Emin = % Y= F(0.6l2m) = 0.9/8 m 
Also, 2 m2 
gs 
= 2 ere 


ee By i pena ee 
y 2gy;" 2(9.812)(0,5 m)* 
and E2,= E,- 0.02= 0.929 m 


Note + If h,=0.06m 
with £,;=0.959m so 


that £2 =E, - 0.06, 
then 
Ez =0.899: 0 < Emin 


Thus, it is not possible 
to have h,=0.06 with | 
the given 9 andy,. 


ea 
r es 
4 “ . 


Lc” Emin= be 


04 06 08 #10 1.2 14 16 


E,m 
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10.28 Water flows in a horizontal rectangular 


‘2 
channel with a flowrate per unit width of g = 10 a 
ft?/s and a depth of 1.0 ft at the downstream Y_, y Ye el, 


section (2)..The head loss between section (1) ; 
upstream and section (2) is 0.2 ft. Plot the specific srbsprazcaetr 
energy diagram for this flow and locate states (1) 

and (2) on this diagram. 


2 = a 
f+ h+z, = #2 12 + Zo thy , where F::* f279, Vv, = A = ve = loft @) 
| 2 and \,=/#4 
Thus, with Ex y+ ‘ 
2 ft"\2 
mia =zyt _ 0s y 
2gy* Va 2 (32.2 £)y2 


E=y+ 43 where Ex ft, yf. (2 
and £¢.0)) gives E,=E2th, =£, + 0.24 
E¢.(2) is plotted below. . 
Mite: yo $2y8. [WOE V5 Sunes - 
oe <4 a g2.2 ) 448A, Emin EN, ZU) 2.194, 


32.2 : 
$53 
B= yet a = lf Ls = 2.557, and E,=£,,+h, = 2.75 ff 


yvsE 


10.29 Water flows in a horizontal, rectangular channel with an 
initial depth of 1 m and an initial velocity of 4 m/s. Determine the 
depth downstream if losses are negligible. Note that there may be 
more than one solution. 


Foyt rig : where trom the initial conditions 
y, =/m and g,= e z ub 2 (4m/s)(um) = ¢ 
Thus, 2. 


~ 2 
42 ) 
rs 2 =/,$)5 mM 


-_ « t Ma ee eel 
E,=y,* i < bm + 9.81 Nim) ; , 
ae Vy) V 
(Mote: Since g = Vy, Eeyt Oe 2 VN Gg 


With ho losses, £, 26, $0 that $y “Go. (ee, Q, = qb, = (.=42b2, 
Hence, (42) with 6, bz.) 
E,=h8lsm = °F cqaByy 

or 

1, 815 =? ye 

which has solvtions 

y, =/m (same as the inifial depth) 


of 
y, = L4om 


—_— 


The energy diagram and these twe depips are shown belw. 
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10.30 A smooth transition section connects Q 
two rectangular channels as shown in Fig. P10.30. 
The channel width increases from 6.0 to 7.0 ft 
and the water surface elevation is the same in 
each channel. If the upstream depth of flow is 3.0 a 

ft, determine h, the ae eacithe daned cee . FIGURE. P10.30. Top view 
to be raised across the transition section to main- mun 


tain the same surface elevation. 


. 2 : F 7 
Hr Bez, me ie +22, where ~y~f2=0 and 2,7 Za Been 
Thus, V,=\_ or 

$= ¥ Hence, A, #4, or (6f(3Tt) = (7Ft) (2 -h) 


h = 0,429 ff 


Mele: g.= 2 =f and a7 = 2 <4, 
and 


2 2 
E,=y +z ond £27 Yet re Thus, since =e tt follows 


t hat E, be £s = y, - Ne 
The corresponding specitic energy diagram is as indicated below: 


7 


170.3 f ~ 


10.3! Water flows over a bump of height te) 

h = h(x) on the bottom of a wide rectangular ee 
channel as is indicated in Fig. P10.3! If energy vy, oo mi 
losses are negligible, show that the slope of the ae 


water surface is given by dy/dx = —(dh/dx)/ 
{1 - (V4¥gy)], where V = V(x) and y = y(x) 
are the local velocity and depth of flow. Com- 
ment on the sign (i.e., <0, =0, or >0) of dv/dx 
relative to the sign of dh/dx. 


A(x) 
FIGURE P10.3! 


For any two points on the free surtace: 
Gl + fe if +2, = Gt ¥ +22, where P21 = f'279, Z,=), Gnd Z2 = htyr 


Th rT - hty =constant so that by differentiating 


2V mq, dh, dy — 
VE» dhs dy 20 a) 
Also, for conservation of mass 
Vy =Vy or VE ty HE =0 or ae @) 
Combine £os.(and (2): 
V [_¥ dy)4dh dy _ ~(4 
gly He) +h +8 <0, or W . ae) 


Note? If Fr = “ig <!, then 4 and Y have the opposite sign 


Stirs! , then Hand SY aie ig Fy 
ae psi 
have the. same Sign. an 
——k oy 
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10.3 2. | 


10.32 Integrate the differential equation ob- 
tained in Problem 10.3! to determine the ‘“‘draw- 
down” distance, £ = (x), indicated in : P10.3). 

Comment on your results. 


From Problem 1/0. ° : 


d UH) V, 
where Viy,=Vy or V= th 
Te) ° ‘ j 


2 2,,2 
Thus, y? CY = MX og that 


#Y gy gy 
dy z- mae oe [i (ie Jy? ]dy =-(B)dx 
zy 


wae from y=y, and 1x=0, with it a given function of x. 


(i- - (We) ] dy -(@ hie {tbe 


oe 


[y-epteny =h Thus, y PY a =h 
Mt 


or 
y¥-(ytat *-h)y2+(WX) <0 

Obtain y= yx) from £9.) and then £= Mx) from y,=hty +h 

or = 7; -h “y 

Note * £9, () is ts more than ie Bernovlli equation: 

ee _ with y= wy Y so that 


aa 
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10.33 = Water flows in the river shown in Fig. 
P10.33 with a uniform bottom slope. The total 
head at each section is measured by using Pitot F 
tubes as indicated. Determine the value of z, = 620.1 ft | 


dy/dx at a location where the Froude number is 23 = 628.3 ft zg = 618.7 ft 
0.357. x2 - x, = 4100 ft 24 = 625.0 t 


FIGURE P10.33. 


dy  Sp-S, Ie _ #3~2y% _ (628.3-625.0)ft 


Faeroe where from the figure f° DP ~ X-%, ~ — goo 


or S.= 8. 05x10" and rd a (6701-616 


Thos, 


dy 8.0: 05x10 — 3.4/x)0 * 


dx Ta goasr® 72000532 (;,¢. 2.e dt) 


= 3,4ux10 * 
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z (3) 


10.34 Repeat Problem 10.33 if the Froude number is 2.75. : 


z 
620.1 ft | 


628.3 ft 22 
xy = 4100 ft z4 


FIGURE P10.33 


2} 
23 
42 


1 hou 


ion 
ron) 

ral 

oo 

~~ 

st 


dy _ S22$0 | where from the figure Sz = he _ 23-2 _ (620.3 - 625.0) ft 


an ee KX 4loott 
Z ot _ By-Z2 _ (620.1 - 618.7) ft _ ot 
at eee Beans ae = wpoH | 7a e* 
Us, 
dy 8.05 x10 °-3.41x10° a5 
= 707x107 (pe ~0,379 
dk [-(2.75)" =707x10" (de, -0.3732;) 
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410.35 | 


10.35 Water flows in a horizontal rectangular channel at a 
depth of 0.5 ft and a velocity of 8 ft/s. Determine the two 
possible depths at a location slightiy downstream. Viscous 
effects between the water and the channel surface are negligible. 


Fr = & ft/s 
im 32.2 FES{O.SH) 


Thus, with Fr>1 there could be a hydraulic jump with y,>y, 0.5, 
If so, then 


G =4]-1+V7+8R*| = 4|-! +7 #8 11.99)" 2.36 


So that 
Vo = 2.36 y =2.36(0.5f)= 1/8 Ff 


= 1,99 


Hence, either y,= 0-5 (no jump) or yo = 1.18 tt (with jump) 
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10.36 Water flows in a 5-m-wide channel with a speed of 2 m/s 
and a depth of 1 m. The channel bottom slopes at a rate of 1 m 
per 1000 m. Determine the Manning coefficient for this channel, 


2 
i) Ve R, VS,, where 


0 


, x =, and 


Rh Saee Im(Sm) 
h~ P ~ (Smtlmtim) 


Thus, with V=22 > from Eg. (i 


2 = a (4) “favo 
or 
n = 00,0126 


———— aa 


a) a 
=>sM 
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10.37 Fluid properties such as viscosity or 
density do not appear in the Manning equation 
(Eq. 10.20). Does this mean that this equation is 
valid for any epen-channel flow such as that in- 
volving mercury, water, oil, or molasses? Ex- 
plain. 


The Manning equation, Y = AR oe. was “derived” specifically 
for water. Jf Is not in dimensionless form and cannot be vse withovt 
alteration (é.e. different n values; different dependance on Nh, ; ek) 
for other fluids. 
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10.38 The following data are taken from 
measurements on Indian Fork Creek: A = 26m’, 
P = 16m. and S, = 0.02 m/62 m. Determine 
the average shear stress on the wetted perimeter 
of this channel. 


Te = TR, So , where Ry= B 
26m / 0.02m 
Thus, Ty =(9a00 4, (22) (2.522) = 54 F, 


16m 
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10.39 The following data are obtained for a 
particular reach of the Provo River in Utah: 
A = 183 ft’, free-surface width = 55 ft, average 
depth = 3.3 ft. R, = 3.22 ft, V = 6.56ft/s, length 
of reach = 116 ft, and elevation drop of reach = 
1.04 ft. Determine the (a) average shear stress 
on the wetted perimeter, (b) the Manning coef- 
ficient, n, and (c) the Froude number of the flow. 


04 
a) %y=5hn Sy , where So= OTT = 0.00897 


Thos, Tw, = (62.42, 
b) Q= LAR, 5, = AV, where K=L49 
Thus % oa 2/3 
2 AHIR So _ Ml-490(3.22) “(0.00897) 
” Vv 6.56 


) (3.2264) (0.00897) = 1.8015 


4, 
= 0.0469 


ve 
c) Fr 7 = _ 6.56 = 0.636 </ (subcritical) 


Y — (a2.2)(3.344)]* 
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10.40 Ata particular location the cross sec- 
tion of the Columbia River is as indicated in Fig. 
P10. 49, If on a day without wind it takes 5 min 
to float 0.5 mi along the river, which drops 0.46 ten. Gs 
ft in that distance, determine the value of the "0° 800 1200 
Manning coefficient, 1. UU? 
FIGURE P10.40 


(0,5 mi)(5280 mr ) 
(Smin)(60-,) 
From the Manning equation, 


K po 0.46 tt 
x ote sfL4H¥7 S Keen = =O, 
Ve yR, %*, where i 1 ~° (0.5mi)(52808,) 0.000174 (1) 
and f= Pp. 


Approximate A and P from the figure as 


As thy =F (1700f1) (44H) = 327,400 ff? 
an 


2 
P= /800 ff Thus, Ryx oe = 20.8 ft 
Hence, from Eg. () * 


24 y 
8.9 = 442 (208) (0.00017")" 
J) 


From the given data, V= = 3.9 £, 


r 
n= 0. 0/69 


10.41 A 2-m-diameter pipe made of finished concrete lies on a slope 
of 1 m elevation change per 1000 m horizontal distance. Determine 
the flowrate when the pipe is half full. 


K. 
Q-AV = FAR, a ce where K= ! and S, - = 0,00. 


fee Aza (Ey =F (am) =1.57 m™ 
an L(£ 
R=4 2 =tED) D2 2M 20,5m 


~— —_ 


P I p eZ 


From Table 191, for finished concrete , n= 0.012. 
Thus. ve Fa. (1), 


Q = pal (1,57) (9. ey * Yo.001 
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10.42 Rainwater flows down a street whose cross section is shown 
in Fig. P10.42. The street is on a hill at an angle of 2°. Detezmine 
the maximum flowrate possible if the water is not to overflow onto 
the sidewalk. 


Gin. 
Asphait street 


Sidewalk 


Concrete curb 


BFIGURE P10.42 


z 
Q= +A R,? V5, , where K= 1.4? and S, = fan2°= 0.0349 Q) 


Although part of the channel is asphalt and part is concrete, since 
the valve of nis sumilar for each, use n=0.0I6, the value for asphalt. 
Also, approximate the cross section 


as a triangle as indicated. be Px 10(0.5t)=Stt—-| 0.54 
Thus i Os ff 
Poh 2 % 10 ~———t- 
Az€(510.5)(0.5) Ht =1.375 ft 
and 
P= ¥2z (0.5f1)+ ks st)? (0.54)? = 5.73 tt 
so that 
_A_ 1.375 4? 
Ry = 4A = “Ep = 0.2408 


Hence, from q.(: 


i. z 3 
Q= LF (1,375) (0,240)% 0.0249 = 9,25 a 


10-4] 


1043 | a 


Center board 


10.43 By what percentis the flowrate reduced 
in the rectangular channel shown in Fig. P10.43 
because of the addition of the thin center board? 
Allsurfaces-are-of-the same. material... 


Q= KA Rk, Fig 2 =" 
Without the bene A =5(£) = e Ry= A= 2 
or , 
2. 4 
Quihot = B(E NH)? § (n 
With the aed - 2@, ,where A,= (BY 2), 
R ‘es Az = (2) > 
— FB 3(2)” 6 
ss 
ae 2k (2) (8) (2) 


Divide Eg. (2) by Eg. ty obtain Quit _ 2(2) (2) 


= 0,763 
Ovithout (2°) ye ~ 
a /00~ 7.3 = 23.7% redvetion ~ ae 


10 -H#2 


16.4% The great Kings River flume in Fresno County, Cal- 
ifornia, was used from 1890 to 1923 to carry logs from an el- 
evation of 4500 ft where trees were cut to an elevation of 300 
ft at the railhead. The flume was 54 miles long, constructed of 
wood, and had a V-cross section as indicated in Fig. P10.Y#, It 
is claimed that logs would travel the length of the flume in 15 
hours. Do you agree with this claim? Provide appropriate cal- 
culations to support your answer. 


BFIGURE P10.44 


L = distance traveled = YE. ThUs, 


ie L. (5% mi) (5280 tt/m:) S 5.24 Ht 
Vig t “(15 hr)(3600s/hr) —~ ee 


Determine the average water velocity, V, and compare sf with this Vag. 
V= KRY, , where KeLv9, Ae g¢(ith)= ash Pe2t 
2 
so that Ry A = oar fi = 0.25 
Also, 
Dz (4500-300) 


so” FT * Tem) (s2eo f/m) 
Thus, with = 0.0/2 (see Tab/e/0.1, planed wood), 


Y= Ln (0.25)? )o.0147 = 6.97 £ 


0,012 


= 0. 0/47 


Note: Vis slightly larger than V 9 Thus, the claim GNpeaps ty be 


correc?. Yes. 
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10.45 Water flows in a channel as shown in Fig. P10.45. The velocity 
is 4.0 ft/s when the channel is half full with depth d. Determine the 
velocity when the channel is completely full, depth 2d. 


af: 
V=#R, "YS, so that 


since x, n, and S, are the 
same for both the full and 
half-full conditions. 


K p* */3 
() Ma =o cone “fa 
3 
ait (eR, VS ds sot Rae fo 


Also 
_(A\ _ (2d)Giod) lo 4 
Ragan sta (lod+2dtzd) ~ 7 


hs 4 (d)(J0d) _ 
Rhssuy (F hag Godsdal ar 


Thus, from Eq. (1 


; 2 
Vio (#4y 1,432. 
“(| = 
Vi tun qd 


or 
- Ht = 5,7 ft 
Vay = 1732 Vy yy = 1432 4 5) = 3-73 og 
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10.46 A trapezoidal channel with a bottom 
width of 3.0 m and sides with a slope of 2:1 
(horizontal:vertical) is lined with fine gravel 2 
(n = 0.020) and is to carry 10 m?/s. Can this _be—~3m —| 
channel be built with a slope of S, = 0.00010 if 

it is necessary to keep the velocity below 0.75 

m/s to prevent scouring of the bottom? Explain. 


Determine V with Q= jo and S, = 0.00010, 
Q= KAR? VS , where A=zy[3t(3t4y)] = 2y7*+3y (0) 


and R,=-p, with } =3+2 (Vy) 

hus, | 2y*+3yl% t, 
= 2 2 

J0= be (2y*+3y)[ 2232] “(0.0000 


or Hy 


(3 +24 y) 


 F 
ay? +3y - 6,03 (34208 y) =O oo. (1) 


which can be written as 


A standard root-finding computer program gives the solution to Ee. () as 
y =2,25m 


Hence, from £q.lo) A= 2 (2.25) + 3(2.25)=/6.9 m? 
so that 


Y= Q) = 0s = O. ih 
BOG gg ee 


Thus, V<0.75 # so that scouring will not occur. 


SSS nee 
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10.47 ~~ Water flows in a 2-m-diameter finished 
concrete pipe so that it is completely full and the 
pressure is constant all along the pipe. If the slope 
is Sy = 0.005, determine the flowrate by using 
open-channel flow methods. Compare this result 
with that obtained by using pipe flow methods of 
Chapter 8. 


For open channel flow Q= 7% A Ry S4 


Also, A=ED*= B(am)= 3.14m* and P=2D=6.28m 50 tat 


ee: ee 3/4 im? _ 
lio = pap, 0.5m 


Hence, with n= 0.0/2 for finished concrete (see Table 10.1) 


, where K=] 


Q=54— (3.14) (0.58 (0,005) = 11,7 (open channel) 


For pie flow with constant i 


+z +2 a +z fh b4 £ 
— a 
am Pr = f2 and is Vy, o 
Thus, with Z,- 22725. , oa 
28, =F 35 
or 
fV"= 29DS, =2(9.81%)(2m)(0.005) Thus, {V= 0.196 oO 
From Table 8.1, for smocth concrete & = 0,3xi0 ‘m /2m= 15x10 
- Vb Vm) 
Also, Re = 4 = iraxioem2 = 1.79x10°V (2) 
and from the Moody hari (Fig. 8.29): 
Solve Egs. (1), (2), and (3) for f, V, Re i (3) 
Assume fz ee O'S so that from Eg. ()) 


vfeae p28 


“Hix 1.79x10°(3.61) = 6.46x/08 Thus, from Eo, (3) ey, chart) 

f= 0.013 € 0.0/5. Assume f-0.013, op V=[-94981% = 3.982 

so that Re =/.79x/0°(3.88) = 6.95x/0° Ths, from £y,02) f= 0,013 (checks 
with the assumed valve) Hence, V=3.¢a2 or 


Q ehis Blam) (3.e82) = 12.2 a (pipe flow) =172 (open change! 
Ron ey 


Jo- Hs 


O 


10,48 Water fiows in a:weedy earthen channel 
at a rate of 30 m*/s. What flowrate can be ex- 
pected if the weeds are removed and the depth 
remains constant? 


Q=KAR@S4 Let ( ry Aenole no weeds ; ( ), denote with weeds. 
Thos, since f= Anw , Ray = Rrgy and Sow = Sony it follows that 


he 
Que _ he AuRiw Soe 


Now 


From Table 10.) fy = 0.030, n= 0,022 
or 


= Dh 0.030 ye : 
Qnw = aa Q,, = S25 (304) = 40.92 


0,022 
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10.49 A round concrete storm sewer pipe used to carry 
rainfall runoff from a parking lot is designed to be half full 
when the rainfall rate is a steady 1 in./hr. Will this pipe be 
able to handie the flow from a 2-in./hr rainfall without water 
backing up into the parking lot? Support your answer with 
appropriate calculations. 


= 7 AR, VS 

Let (), denote conditions when the pipe is half full and (), when 
the pipe i's full. 

Thus, Ay= FD", RyzA lh =(8 ED*)/(£ 0) = D/¥ 

and A,e BD, Ry 2A /R=(ED*)/(TD) = DY 

Also, S,,= Soa, “ana Nn, = Ns 


There fore, 
@ _ XA Ry M “Tu ART | (Fo*)lz)” 


Dy, 
2 KARTS, ARP (FOE 


ae = 
~ 2 


That is, Q =2Q. The full pipe can carry twice that of the 
half-full pips. It can carry the Zin, /hr rainfall. 
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(1) 


(2) 


10.50 A 10-ft-wide rectangular channel is built to bypass a 
dam so that fish can swim upstream during their migration. Dur- 
ing normal conditions when the water depth is 4 ft, the water 
velocity is 5 ft/s. Determine the velocity during a flood when 
the water depth is 8 ft. 


Let (), and) denote normal and flood conditions, respectively, 
Thus, 


y- x ide bid 


Reals 


in Py IS, 


uh A, a » Sop = Sof and 
A, = lott(eth) = 40H” A, = soft (ett) = Sot" 
P, = lott+2l¢t)= Jot 2 = lott t2(Ptt) =26 ft 


Thus, Ry = fe = 4. 2 a2 


ad rr) 7é 
Ga 
_A#A got!” 

Ki, 2° aN GOT _ 3,08 HH 
fence, divi de Eq (a) by Eg ll) to obtain: 
% 2/, 

an Rat \ / 3.00H \@ 
“Vn (a) pera. 2.02 F ine 
SO that 


Yal2%l, =12¥(si) = 6,224 
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*10.52 Water fiows in the painted steel rectangular channel 
with rounded corners shown in Fig. P10.52.The bottom slope 
is 1 ft/200 ft. Plot a graph of flowrate as a function of water 
depth for 0 = y < 1 ft with corner radii of r = 0, 0.2, 0.4, 0.6, 


0.8, and 1.0 ft. 


FIGURE P10.52 ‘ - 


Q=XAR,S* where K=1.49, from Table JO.) n= 0. ole, é and ro) 


S,= SauT = 0.005 
(a) Assume y2r? 
Thus, A=2(y-r)+r(2-2r)+ $ mr? 
ov A=2y-(2-€)r? 
ae P= 2ly-r) +(2-2r)4 Tr 
or P=2y-(4-mr +2 
Hence, ae Ry £¢s. (1), (2), and (3) give 


¢3) 


é 
0:5 Lue A ay (0. o0s)% 


or 
2y-(2-2)r? Di ad : 
Q= 7.53 pero for réy<), where rofl yoH Q~e CH) 


(b) Assume yer: 
Thus, A= A, +A, +As 


From Example 10.5, with D=2r 
A,tA,= (2°¥(@-sin®) where 8~rad and ee 


cos 2 =. =Y. ; 

oe r 2 7 r +. 

Hence, A= (0 -sin0) +(2-2r)y ern _] ¢s) 
Also, P=2-2r+P+P, , where ope 


from Example 10.5, P+R = ne =1@ 


Thus, P= 2-2r+re = 2vie=2i (6) 
By combing F¢s.(1 (9), and (6) we obtain: 
Q= itt A Ave, (0. 005) 
or | 
@-sin@)+(2-2r) 
Q=Z75 2 [El0-sine)ota-any]” for POS Et, where re ft y~ft (7) 
[2 +(@- 2)r]” Q~ £ and O=2 cas LY) = rad 
ss 5 
{0-50 


The results, Q=Qly) are plotted below for r= 0, 0.6, and /f. 


Qvsy 
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10.53* The cross section of a long tunnel car- 
rying water through a mountain is as indicated in 
Fig.-P10,53. Plot a graph of flowrate as a function 
of water depth, y, for 0 = y = 18 ft. The slope 
is 2 ft/mi and the surface of the tunnel is rough 
rock (equivalent to rubble masonry). At whet 
depth is the flowrate maximum? Explain. 


FIGURE P1053 


=X ch = ae si ae 
Q= + AR, S. where K=L49, = Baan = 0-000379, 


4 


and from Table 105 n= 0,025 


(a) Assime y £12 fi: Thus, A= bed and P=2y+ti2 


Js i2 
so that R, = B= iyi = ex 


Hence, 2 
r 4. 
Oa b.028 tiie yté | ({0,000379) 


Qe 460 wa for y=12 where y~ tt, Q~ # 


(b) Assume 12<y€/8 fi: 


Thus, A= (24)? + B(6H)-A, , r eX \ | 


where irom Example 10.5 


y= B(0- sine), with cos 8 = Ye a 
Hence, from Eq. 03) lo 12 ol 
A= 2olft'- an. (@- sing) 

. y-i2 ' 
A=201 ~ 18(0-sin®) ft, where O~rad 6F 
Also, 


P= 30121) +( - O)(EH) = 36 +6CT-0) ff 
Thus, with fy = + Eqs. (,¢ #) and (5) give 
Q= 14.49. [201-18(@-sin@y] 7 
ie 0.025 [36+6(7-0)] ~ 
Q= 43.4 Leuss-0nsige) F for 2<y</ett , where O~rad, 
3 j ~if y- 
Q~ £ and 9 = 2 cos'(4") 
For 0¢y#/8 ft calculate Q=9) from either Eq. Cand Eg. (6), 
(con't) 


(0.000379) % 


10-S2. 


(i) 


@ 


(s) 


(6) 


_10.53* |(cor't) 


depending on the valve of y. The results frem this calculation are 
given below. The maximum flowrate, Qnay = 583 £ , occurs 

at y=I7/ tt. For (zit <y<!@ft, an increase in depth adds 
only little to the flow area, A, but greally increases the welled 
perimeter, P. Thus, the retarding force jis increased considerably. 


400 


Fliow rate, @ (cfs) 


-200 
oO Ss 40 25 20 
Water depth, y (ft) 
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10.84 The smooth concrete-lined channel shown in Fig. 


P10.54is built on a slope of 2 m/km. Determine the flowrate 1.0 m = 
if the depth is y = 1.5 m. 


a Concrée 


FIGURE ‘P10. rf 


% 
Q= TAR, S,*, where Hel, 5,7 
n= 0.012 


With y =/157, Az (3m)(0.5m) + 4 (3mt6m)(1.0m) = 6 m* 
and 


2. 
Ee = 0,002, and from Table jo.| — “) 


p= Sm ie +0.5m+4 (17+32)% m = 816m 


Thus, hy = oar = 0.735 m, and £4.) gives 


Q= ate (6)(0. 735) 243 Co, 002)% = = Ig.2m mm 
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*10.55 Ata given location, under normal conditions a river flows 
with a Manning coefficient of 0.030 and a cross section as indicated 
in Fig. P10.55a. During flood conditions at this location, the river 
has a Manning coefficient of 0.040 (because of wees and brush in 
the floodplain) and a cross section as shown in Fig. P10.55b. 
Determine the ratio of the flowrate during flood conditions to that 
during norma) conditions. 


(3) 


1000 ft 


(b) 
@FIGURE P10.55 


2/3 


) Quan A, Ry. VE, viii A, = 12 (B00!) =9600 H*, Be 2 (/Zt4) 800% 
: . = P2444, 
so that RK, =A, /P, 


= 96001? /(e24 ft) = 11.65 ft 


Similarly, 
(2) Wp = ~ A, Ro 5 VS, , where A, = 20f#(800f}) + Pf(to008) = 24 v00f{2, 
| B= P00ft + /000# +2 (20ft) = /840t so tha} 
Ruz Ay /R = 24 0001 */(8toth) = 13.0414 
Thos, = Eqs. (Nand) with Seq = Soy , 


Q _ ts Fs KARR VSu _ Ma A Rae”? 


aye ~ oA 
Ga" Na KA, Rha Soa b A, Rne 


By using the given and calevleted data, 


Qb {9.93 24 ooo fi* 13,04 f4 2/3 
Qa “(50 }{ q, 600 f4* ) et} = 2.02 
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10.56 Repeat Problem 10.54 if the surfaces are smooth concrete To a 


as is indicated, except for the diagonal surface, which is gravelly ae 
with n = 0.025. 


FIGURE P10.54 


H (4) 


2, Zz ! 
Q=O+Q, = HAR yo S* + iis fe Ry? Se” 
n,=0.025,and irom Table 10:1 n= 0.0/2 


, where Kel, S)= 0.002, 


‘ 4 
Also, A, = £(10m3m)= 1.50 m*, R= (0743.07) = 3.16m 


- A. 150m? _,, 
1 on fy, B Sarg 47S 
A, = (3m)(L5m)= 45m" B=asmt3mtlsm=e5m 


= 2 45m” | 
or Ky = “B= ep, =0.90m 


Hence, from Eq,(): 


2a b 2 ! 
Q = b5¢ (1-50) (0.475) *(0,002)*+ a (4.5}(0,90) *(0.002)* 


or : 
Q = 17.3 


P emeperet 


poremesparért 


Note: With all surfaces concrete s Q= 18.2 ike (see Problem 10.6%), 


‘fg 
\, 


7 Concrete 


C1) 


Rubbie 
masonry 


10.57* Water flows through the storm sewer 
shown in Fig. P10.57, The slope of the bottom is 
2 m/400 m. Plot a graph of the flowrate as a 
function of depth for 0 = y = 1.7 m. On the same © 
graph plot the flowrate expected if the entire sur- 
face were lined with material similar to that of a 
clay tile. 


FIGURE P10.57 


(@) For Os y =0.5m' The flow is the same as thal in a circular pipe. 
Thus, from Example 10.5 with D=Im, K=I, and n=0.0/% (Table 10.1): 


ans p* (e- sinoy? 2m | 6 (1) 3 (e- ~siney@ 
o 6.8 (44 974 = oe “FOOM: a (44 “oe 


and g= ee 2.5-Y) 


(b) For Y20.5m:! 
Q=Q, +O. , where 


_ x A ay 
= 7 Ay, So, with n, = 0.014, 


A, 3 EZ (0.5m) =0393m" P=T(0.5)=1.57m 50 that 
R, = =A 0.39.9” =0,250 m 


hi Pr 157m ~ 
Thus, 
3 
Q)= stglo.2932)(0250)* (g2,)? = 0.7872 
Also, 
2 
Q2= ie A, Roa with n,= 0.025 (see Table 10.1) (2) 


A, = (2.5m) (y- aes 2.5y-125 and R=2(y-05)+2(Z)=2y +05 


ae with Fy = 2; Eg. - becomes . 
5/2 
“ “4 4 (y-0.5) 
= ahs (2.5y ine aoe 05% (aes | 13,0 Cayr0sy 
Therefore, , 
@= 0.787 +13.0 950% om? fap yao.sm (3) 


(2y +0.5)°2 Ss 
Plot Q=Q(y) for ey aiais using Egs. (1 and (3), 


. (con't ) 
[0-57 


10.57* | (con't) . 
If the entire surface were lined with material with n,=Na= 0.0/4, 
Ean. 1) would remain valid. The coefficient “13.0" in Eg. (3) would 


0,025 : 
become 13,0(2-025) = 23.2, For this case, 
5/3 


0.787 +23.2 U=25)" 
070787 (2y+0,5)3 §$ 


This result is also plotted (¢.e. Y from £¢, (i) for os y<0.5 and 
Q from Eo (4) for 0.5<y 17m) 


With n = 0.025 for part of 


* 


for y20.5m 


the channel 


Y; 


ODO 000000 


DANDUOFWNRO 


.0 
ol 
.2 
23 
4 
<o 
6 
-7 
8 


m 


jo) PPUWONWWRPWN 


NPrPNOWPRPwWON 


Q, m3/s 


.552E-11 
-293E-02 
~381E-01 
.O089E-01 
-315E-01 
.870E-01 
.837E-01 
.367E+00 
-853E+00 


-014 for 


Q, m3/s 


.552E-11 
.293E-02 
.381E-01 
.089E-01 
.315E-01 
.870E-01 
.138E+00 
.822E+00 
-689E+00 


PRPRPBPBRRPO 
YOO WNPOW 


NN DUNE WWD 


.407E+00 
.010E+00 
-649E+00 


.315E+00 


.003E+00 
. 708E+00 
~426E+00 
.157E+00 
.897E+00 


the entire channel 


PRRERPRPRPO 
NNDOEWNPOW 


PRPrFUOONOFHW 


.678E+00 
.754E+00 
.894E+00 
-083E+00 
. 310E+00 
.568E+00 
.O085E+01 
.215E+021 
.348E+01 


ie aa 

Lia} 

pt 
1s 

bia 


hanne | 
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Neca” 
O 
ae 
@ fa) a + (3) 
10.58 Determine the flowrate for the symmetrical channel shown - 5 ft ' 3 17 oti 
in Fig. P10.80 if the bottom is smooth concrete and the sides are Se HH oe 


weedy. The bottom slope is Sy = 0.001. 


2 ae 
Q=Q,+% +0, =G,+20,, where Q,= 75 Ar Ry? 55% with KeL49 


Also, A= Gh#f=/2 Ht? A= 4 (st) (4A) <6H?, P=4H and R=SH, 


so that Ry,= St = 28" 23 tt and My, = = 26 = 1.241 
t 


Hence, with n,= 0.012 and N,= 0.030 (see Table 10.!) we obtain: 


24, D 2/, i, id 
Q= £2 (12)(3)” (0.001) LA (6)(1.2)* (0.001) = 19 


10.59 | 


10.59 (See Fluids in the News article titled “Done without a GPS 
or lasers,” Section 10.4.3.) Determine the number of gallons of wa- 
ter delivered per day by a rubble masonary, 1.2-m-wide aqueduct 


laid on an average slope of 14.6 m per 50 kim if the water depth is 
1.8m. 


XA? ys. 

ne A=l2m().&m) =2./5m* and 
P=Lam+21.8m)= 48m so that 
sed = (2.16m?) (48m) = 0,45 0m 


Thus, ‘ th Ke 


| 
2s/  14bm \% 
Q = eos ———~ (2, aes (3) =0,.867 m/s 
ap 
Z m? /3600S\/ 24hr i ff ( (728i! loa 
oe ( Thr ( pnp lerrerc ae ee of ) 
=19,8x 0° gal /day 


10-40 


10.60 Mere ee ee 


10.60 Water flows in a rectangular, finished concrete channel at 
arate of 2 m?/s. The bottom slope is 0.001. Determine the channel 
width if the water depth is to be equal to its width. 


uf 
(1) Q= FAR, "FS, , where S, =0.00! and Qe2 
Also, K=1 and from Table 10.1, n=0.012 
For the square channel 
hea? and Ref =. 
Thus, from Eq.(/) 


Jo-é1 


10.6) An old, rough-surfaced, 2-m-diameter concrete pipe 
with a Manning coefficient of 0.025 carries water at a rate of 
5.0 m/s when it is half full. It is to be replaced by a new pipe 
with a Manning coefficient of 0.012 that is also to flow half full 
at the same flowrate. Determine the diameter of the new pipe. 


Vora = a A Ree Vs Cold 


an 
where = © ings sold 


°nev! 


Thus, by equating Eqs. (1) and (2) 


3 4 
Au Rb oid 2 Anew Ro new 


Nog New 


But for a half full pipe, A=2D° and p,-4 
Thus, 


= 2: 
AR,” =BD°(£) ~ so that Ey. (3) becomes 


af: 
oy (#4) _z 5 yew | He) D7, ( Dpew) 


or pe/3 8/3 
Dig oe Drew 


Nota Lo, 


Th YS, n If 
new 0.012 = 
Drew “(2 = ee | Diy = = (20% A (2m) ieee 


Noid 0,025 


]07-62 


10.62. | 


10.62 Four sewer pipes of 0.5-m diameter join to form one pipe 
of diameter D. If the Manning coefficient, n, and the slope are 


the same for all of the pipes, and if each pipe flows half-full, 
determine D. 


Q= 40, where Q,= 4 A, Ri Te and Yo = fo A, Rae hig with 


- e 2 , _A EE p2 
N= No, So, = Soo , A,= 8D , Ru RoE =e: 


A,= F005)", and fy, 2 = 8 
Thus, from Eq.(i) 
ALR, * = # ARs, 


Fv*(2y3 = 4 Elosy(92)% 


or 


a 
= 4(4) °° or D=0.84/m 
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10.63 The flowrate in the clay-lined channel (n = 0.025) 
shown in Fig. P10.63 is to be 300 ft3/s. To prevent erosion of 
the sides, the velocity must not exceed 5 ft/s. For this maximum 
velocity, determine the width: of the bottom, b, and the slope, So. 


FIGURE P10.63 


v=, where A=4[b+(b+S,+8,)]y with £ = 24 = 2.46 ft 


fan 30° 
and fp=-—2 eon 


3 ~ 
ft = 3008 b= 27.3 ft 
eee 2|b +(b+.3.46ft +2 #4)(2 #1) ce 


Also, V = # Ras, where X=!.49 and from Table 10.1, n= 0.025 


From Eg. Mi), A =f [2(223 fi) +346 f+ 24] (2 ft) =60.0F}? 
/ a 
me, P=b th +h, = 273 ft+ 2fi 4, 2 laa p 


sin30° sin #5° 
Thus, Bn = A = ee =176 ft so that Eg.(2) becomes 


LYY %AY = 
5 = 5628 (1.76) "So? or $= 0.00331 


3 
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(i) 


(2) 


10.6 ¥ | 


10.64% Overnight a thin layer of ice forms on the surface of a 
40-ft-wide river that is essentially of rectangular cross-sectional 
shape. Under these conditions the flow depth is 3 ft. During the 
following day the sun melts the ice cover. Determine the new 
depth if the flowrate remains the same and the surface roughness 


of the ice is essentially the same as that for the bottom and sides 
of the river, 


Q-KAR, Ve 
Let (}- denote conditions with the ice cover and ( }, with no ice cover, 
Thus, 

A. =(40H)(3 ft) = 120 ff? P= 2 (Hoff) +2(3 Ft) = 86 ft 

and R= A. / fy = 120/86 tt = 1.395 ft 
Also, 

A,= #0y = #0 *2y and Kb, =f, /PR = oy K¥or2y) 

Hence since Q =Qn it follows that 

¥ Basrx- OK 2, 
7A: Rae VS: = 71, Ro, VS 


A 


so that with n,=1 and §,, = Son this becomes 


or 


/: 
3.75 = lercarel : 


A standard root- finding computer program gives the solvtion to £9. (as 
ye 2.3/1 fi 


(1) 
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10.65 | 


10.65 A rectangular unfinished concrete 
channel of 28-ft-width is laid on a slope of 8 
ft/mi. Determine the flow depth and Froude 
number of the flow if the flowrate is 400 ft?/s. 


— 28 f} | 


y 


es 74 04 8 ft 
Q = AR, 2; P where K= 149, So = E580ff = 0,00/515 , and 


from Table 10.1 n= 0.0/4 
Also, A= 28Y and P= 2y+28 so that Rp= A => 28y 


Thus, 149 (_28y ¥& X, ss 
400 =o ox (Zyize) (28y)(0.001515)* 
or 
y*a- 
0.594 = —~—_ 
| Cy Hl4ye 
ence 


3 


0.458 (y+14) -y" =0 


The solution to Eg.) is y = 2.23 ft 
Thos, 


-Q 4008 = 6. y 
V= A = Geml.23M Ws 
so that 

6.41 £ 


Stas Mp ae eee SO EG 
Fr Voy — [(s2.2 ££)(2.236)* 


0-66 


a 


10.66 Anengineer is to design a channel lined with planed 
wood to carry water at a flowrate of 2 m?/s on a slope of 10 
m/800 m. The channel cross section can be either a 90° triangle 
or a rectangle with a cross section twice as wide as its depth. 
Which would require less wood and by what percent? 


=X AR? 5% u) 
Let ( ), denote the triangular cross-section and ( ),.denote the 
rectangular: cross-section 2 | 
Thus, 9.= = 22 , Sop= Se = G05 \ 90° 
and N= h, so that £9. (1) gives Vt ares 
A, Re = A, - 3 where Ry = a (2) 
Hence, 

Az ay , = Wr So that R= ae 4Y, 2 Vp 
Also, 


A= 42y%e Y , R= 2(VZy%,) 50 that Ryy= se 

Thus, from £g.(2): 

aye (ay lS = uae); oF y= 0707 Yp 

The amount of wood js proportional to the wetted perimeter, P. 


Since 


the triangle requiresthe same amount of wood as the rectangle 
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10.67 


10.67 A circular finished concrete culvert is 
to carry a discharge of 50 ft*/s on a slope of 0.0016. 
It is to flow not more than half-full. The culvert 
pipes are available from the manufacture with 
diameters that are multiples of 1 ft. Determine 
the smallest suitable culvert diameter. 


ty oy 
Q= a AR, 7 Oe where K=147, 5, 0.00], and(from Table 10.1) 
n =0.012 
For a circular pipe half full A= 2D? , P=#D so that R=2- 2 
2/3 
Thus, 500 =i (B0*)(B)* (0.001) | or D= 5.12 
To make sure it is not More than half fll use the 4 ft djameler pipe. 
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ont 


10.68 


10.66 At what depth will 5@ ft*/s of water flow in a 6-ft- 
wide rectangular channel lined with rubble masonry set on a 
slope of 1 ft in 5@@ ft? Is a hydraulic jump possible under on 
conditions? Explain. 


Q=- 44 aR* Vs, where 


- pat: 
daly, Red Hy oe 


n<0,025 (see Table so./) 
This, 


£0 = L4L (ey)[ xh¥e] (0. 092)" 


0.025 
which becomes 


ys « (2y +6) (0.948) 


By use of a root-finding computer program, the solvtion js 
y= 2.531 


- 0 _ softtf _ 
Thus, V= A= etaeay ft = 379 A 
so that 


ie a 
Voy "(sz 2. fi/s*) (2. s3tf)|% ~ 0,365 


Since Fr <! if is not possible to have a hydraulic sump. 


}o-69 


10,62 ~The rectangular canal shown in Fig. P10.69 changes 
to a round pipe of diameter D as it passes through a tunnel in 
a mountain. Determine D if the surface material and slope re- 
tnain the same and the round pipe is to fiow completely full. 


B FIGURE P10.69 


Q= # A REVS, Let ( ),. denote the rectangular channel 
and ( )_ denote the circular pipe 


Thus, since Qp=Qe , Mn = Ney Kp =X, Sop = Soe it follows from 
Eg.) that 


A, Py = fy. Rie where A= £ and P= b+2(2)=2b 


so that R= 4c =b 
2 


and 
A.=#D and R.= 7 D 


so-that Ry =H =D 
Thos, . 
(2) (2) = (£0*)(2)* or D =(Z)*h = 0.8444 
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/0.70 


10.70 The flowrate through the trapezoidal canal shown in 
Fig. P10.70 is Q. If it is desired to double the flowrate to 20 
without changing the depth, determine the additional width, L, 
needed. The bottom slope, surface material, and the slope of the 
walls are to remain the same. 


@ FIGURE P10.70 


Initially: Q= LAR, 215 
where A: =(3n)(8m) + 2[£(sm)(3m)] = 33m 
and B= 8m +2] VZ(3m)] = 16.49m 


Ay 33m? 
Thos, Bay = “Bo = Féagm = 200m 
So that 
44 X VS. 
Q, = Xe. (23)(2.00)* = 52.4 WE 


Finally * Qe = x Ay Rae Ts, (%,n, 5 are consiant ) 
where A, =(3m)(8+L)m + 2]%(3m)(3m)] = 33+3L m7, where L~m 
and R=fP+tlL=/6.49+L m 


Thus, Rp = Ae. sao ek 
ry 


16.49 2 
so that , F 
_ XVS 33432 \3 
Q, = Te (aatse) (Beas } 2) 


But Q=2Q , so that from Eqs. (\) and): 
Z 
(33432 r( oie 2. 2 (52,4) =/048 
A standard computer root finding program gives the solvtian 
to this equation as 


L=8.77m 


lo-7/ 


10.71 When the channel of triangular cross section shown in Fig. 
P10.71 was new, a flowrate of @ caused the'water to reach L = 2m 
up the side as indicated. After considerable use, the walls of the 
channel became rougher and the Manning coefficient, n, doubled. 
Determine the new value of L if the flowrate stayed the same. 


BFIGURE P10.7! 


2/, 
Q=7AR, VS 
Let (), and (), represent the old and new conditions. 
Thus, N,=2Nn, , fi, <4 (2m)? =2m* Pz 4m, so that 
By 7 / ha (2m?) /(4m)= 4 m 
Als, A= #L*, R=2L, so that h,, =A, /2 =(zl*)/(2r)eL/¥ 
Therefore, vsing £9.) wrth Qo=Qn gives 
f: x 2/; 
* A, i ooo0 Ny An Ran. Son 
or since Sg, = So, 
> 2/. /3 
rh Ay Ke ° “7, An Ryn 
By using the above data this becomes 
| tf 2 
on (ELV (G) = Gf (am)(bm)* on La 8(2¥° 
or 
L=2,59m 


]0-72. 


10.72 


10.72 A smooth steel water siide at an amusement park is 
of semicircular cross section with a diameter of 2.5 ft. The slide 
descends a vertical distance of 35 ft in its 420 ft length. If pumps ais ace 
supply water to the slide at a rate of 6 cfs, determine the depth + 


of flow. Neglect the effects of the curves and bends of the slide. + 
: | Be” Y 
f re oe 
Q= KAR, OS? | where Kz/.49, S.= Geogr = 0.0833, W= 6.0 § 
and from Table 10.) n= 0.012 ; 
Also (see Example 10.5), A= 2 (6 -sin®) and 
@-sin@ 2 
R= Des) 3 where D 2.5} 
Thus e S/, 
"x ok DA 7 (0 -sino)” 
Q= HS. seep |. where O~red, 
or 8/3 
_ L498 4 (2.5) "1 (@--siney? 
6,0 =A oIe (0.0833) aw | pe ] 
Hence, A | _ ‘ P 
0.293 67 =(@-sind) 2 002520° -(@-sine) =o . (1) 
Using a standard roo} - finding technigye gives the solution to E¢. W) as 
6 = 1.574 rad. 
/g0 2 
Thus, B (1574 nd) ( 190-80) = 90.2 
or since 
y= 2(1-cos(2)) it follows that KD 
g vs 
:= 2. 
y =(22H) (I~ cos( 44)) = 0.368 ft y 
y +2 cos$ - 2 


/0-73 


10,73 | 


10.7.3 Two canals join to form a larger canal as shown 
in Video V10.6 and Fig. P10.7%3. Each of the three rectan- 
gular canals is lined with the same material and has the same 
bottom slope. The water depth in each is to be 2 m. Deter- 
mine the width of the merged canal, b. Explain physically 
(i.e., without using any equations) why it is expected that 
the width of the merged canal is less than the combined 
widths of the two original canals (i.e..b <<4m+8m= 
‘12 m). 


‘FIGURE P10.73 


Thus 
nN; AsRhs VS. =n, Ae Ris Vaz + Z A, hi, ls, (1) 
Buf N,=N2=h3 and So,=So2 =So3 So that Eq. t1) becomes 
A; a <A, ig +f, A (2) 
whure a 
A, = 2m (4m)= bm* P= (2+2+#)-8m so that Rp, = B = La =/m 
A, = aaemvelent. B= (24+2+8)=12m so that Ry, - Ane ier = /,333M 
and ‘ ~ 
A; = 2b m B =(242+b) =(b+4)m so that Rng = 2 = (b+4) 
Thos, Ea. (2) paca 
2b 1” A, 
(20ers |= 16 (1. 333) +8(i)> = 224% 
or 
2, 
bX? = 9.63 (b+) , (3) 
nae a standard root-finding technique gives the solvtion to Ey(3h: 
0,4 


Tf the fifo or iginal canals merged to form a /2m wide canal, the 
water depth wovld be less than 2m becavse without the two walk there 
would be less friction force hold the water back. Thus, to maintain 
the 2m depth we must have b<i2m. 

[7] + (va fh 


| 4m a -— 8 m—] ee 


[0-74 


10,74 | 


10.74 Water flows uniformly at a depth of 1 m in a channel that is 
5 m wide as shown in Fig. P10.74. Further downstream the channel 
cross section changes to that of a square of width and height b. 
Determine the value of b if the two portions of this channel are made —wieth = 5 m 

of the same material and are constructed with the same bottom slope. gg FIGURE P10.74% 


QW -=Qp, where ( dy and ()y denote upstream and downstream conditions. 
Thus, since Q= 2A R15, it follows thal 
ii Pu Ry Vis Zip Ao Roo Tn 
Ajso, Soy= So, and Ny = Mp 
Hence 
(1) A, fo =A, Ro where A, = (Im)(Sm) 25m", B=2im)+Sm = 7m, 
so thal Ray = Ay /P = Sm*/ 7m = 0.7/4 m. 


Also Ay=b” 236 so that R,,*A,/R=b*/3b)=4b 
Thus, from Ea. (i): 


(Sm?) (0.74 m)? = b (4b) 
or 


b= 2.2Im 


lo-75 


ATS | 


_ p Concrete 
10.75 Wetermine the flow depth for the channel shown in Fig. 1.0m 
P10.5+if the flowrate is 15 m’/s. 


RBFIGURE P10.s4 


Xx 6 nl 
= TAR,” So*, where K=1, S,= 325m =0.003, and from Table /0./ 0=0.012 


Also, A = 3yt $ [3(y-0.5)](y-0.5)= Zy*+By +2 It-3ly-0.5)~} 
and . £ 
P=yr3t0.5 t{(y-2) +9(y-£)]? 

= yt3.5 tW0'(y-0.5) = 4/by +/.92 
Hence, with R, -£ and Q=15® we obtain 


[5 =—4 (5y7#1,5y 1037s) oe (0.003% 
0.012. ; (4ibyti92)3 a 


or 0.4 
2.04 (#6 y +192) -L5Y* -/.5y-0.375 =O (1) 
Using a standard root-finding technique, the solution to £q.(1) is found te be 
y=/.22m 


Note: Since y <I.5m_ the water 
does not contact the left 
vertical wall. 
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10.76 Rainwater runoff from a 200-ft by 500-ft parking lot is 
to drain through a circular concrete pipe that is laid on a slope 
of 3 ft/mi. Determine the pipe diameter if it is to be full with 
a steady rainfall of 1.5 in./hr. 


Q= KARA S where K=149) S. = witty = 0.000568 ) 
- Ppt she 2D". D. 
A=#D° and hy = 22 = £ 


From Table 10.1, n =0.012 


Also, @ = Ais r, where r = raintall rate = 1.6 in 


nr 
Thus, 
Q = (200H)(Sooft) (1.5 i@)( bk t)( Pe) e347 


Hence , from Eq. CI): 


B47 = po (#")( DY (0, o00866) * 


or 
D= L64ft 


)0-77 


70.77 | 


10.77 (See Fluids in the News article titled “Plusnbing the Ever- 
glades,” Section 10.4.1.) The canal shown in Fig. P10,77 is to be 
widened so that it can cari"y twice the amount of water. Determine the 
additional width, L, required if all other parameters (i.e., flow depth, 
bottom slope, surface material, side slope) are to remain the same. 
BFIGURE P10.77 


Let (), denote the original canal and ( ),, the widened canal 
Thus, 


2/3 
Q), = in, Ay Rn, VS, and 
/ 
= BARAK , where Mey and So,=Sy 
Hence, from Eqs. (and (2) 


Qw Ky Aw Bowl? Vow VSow = Ay Rowe where Q =20) 
Y, * A, Ry 150, Ay \ Ryo? ? w 0 


2. 5H 
Also, A,=4 (SH tof) 2tt)= 15 #? 2H 


a 
P= §#+2(3.208)= /L4#4 so that 


2 2 4 
R, <A / Be ISH?/ iH fe 1.316 H A= [2.57427] fte2.20ff 
and pe | 


As +L) #(10ft4 4) (afi) = (1s 422) {17 
Ry = Stite 4+2(3.20f4) 11,4 +2) 44 so that 
Ry = Aw /Ry = C15 424) (i144) 

Hence, from Eq.(3) with ow =2 


2/3 
_ OS+20h ISt2L , 
Se [-esezepdinsree ;- eet) | , Where L~ ft 


By using a. standard root-tinding program, the solytion to Eg. (4) is 
determmned tobe L= 5.94 ft 
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10.78 Water flows 1 m deep in a 2-m-wide finished concrete 
channel. Determine the slope if the flowrate is 3 m*/s. Im 


l~-—— 2. m -——> 


Q=tA RVs, where K=!, and trom Table 0.1, N= 0.012 


Also 
A = (lm)(zm) = 2m" 
pen as 
(2mt/m thm) 
Hence, with Q@=3% fg (l) becomes 


2 2 
3 =5o75 (2m) (0.5m) 7 150 


= OSM 


or 
S_ = 0.000816 
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10.79 Water flows in the channel shown in Fig. P10.79 at a rate 
of 90 ft?/s. Determine the minimum slope that this channel can 


have so that the water does not overflow the sides. The Manning 
coefficient for this channel is n = 0.014. 


sme 
BFIGURE P10.79 
K 2/3 7 = = {3 
Q=7 AR, VS, where K=149, 1 =0,04, and Q=90< 
Also 
Li (24) (44) +2 ts /429 
an 


_A. L42E FE 
Ry ~ Gmpattem(aey = 389 


Thus, from £q.(1) : 
3 Z, 
go4E = LE (pre t)(1.389t) 18, 


or 
Se = 0,00226 
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10.80 To prevent weeds from growing in a clean earthen- 
lined canal, it is recommended that the velocity be no less than 
2.5 ft/s. For the symmetrical canal shown in Fig. P10.80, de- 
termine the minimum slope needed. 


FIGURE P10.80 


= 1 R4 S%, where K=149 and Fy = ow 


4 


A= (48 +1241) (3 ft) = 24417 and P= 41 +2 (SH) = /4#t 


Thus, p= BOE A174 
From Table /0.), n = 0.022 so that Fg gives (with V= 2-5 a) 


LY a e 
2.5 = LEE (1,714) or 5 = 0.000664 


10.81 The smooth, concrete-lined, symmetrical channel shown in ie 
Video V10.7 and Fig. P10.80 carties water from the silt-laden 
Colorado River. If the velocity must be 4.0 ft/s to prevent the silt 
from settling out (andeventually clogging the channel), determine the 
minimum slope needed. 


i ea 
FIGURE P10.80 


v= 1 PPA ¢ oy where X=1449 and Fp, = a a 
L 


A=F(48 +128) (2 ff) = 24 f? and P =48 +2(°5f1) = 144 


Thus, R= 24 ft = 1744 


From Table 10.1, n= 0.012 so that £3.) gives (with V=44#) 


v7; 
4.0 = Ae (1. my 5% S, or S,= 0.000505 


Jo-8! 


Nessoe” 


10.82 


10.82 |= The symmetrical channel shown in Fig. ee 12 ft cheats 
P10.80is dug in sandy loam soil with n = 0.020. = A — 

For such surface material it is recommended that 
to prevent scouring of the surface the average te ae ony 
velocity be no more than 1.75 ft/s. Determine the oO 
maximum slope allowed. = ft oe 


FIGURE P1080 


2 r) 
V= i RS. where K=1479 and Raa () 
=A (4H +I2A3 HH) = 244 and P= 4iH+2(5)=/44 
The : _ 2th _ 
With n= 0.020 and V=1.75-¢ [4.0 gives 


2 
L75 = Lit (1.7497 5. or S_= 0.000269 
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| 16.993 | 


10.83 The depth downstream of a sluice gate 
in a rectangular wooden channel of width 5 m is 
0.60 m. If the flowrate is 18 m/s, determine the = 


channel slope needed to maintain this depth. will | 

a erento ee 
Q= KARA 54 , where X=) and from Table 10.1, n= 0.012. a) 
Also A=(m)(0.6m) = 3m P25m+20.6m) = 6.2m 
so that R= = in = 0.484 m 


Hence, from £9. (1): 
24.4 
/8= = (3) (0.484) 5 or §S,= 0.0136 


With S,= 0.02 >0.0136 the velocity will increase and the water 
will become less than 0.6 m deep. 


Wilh S.=0.01<0,0/36 the velocily will decrease and the water 
will become greater than 0.6m deep. 
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10.8 Water in a rectangular painted steel 
channel of width b = 1 ft and depth y is to flow 
at critical conditions, Fr = 1. Plot a graph of the 


critical slope, S,,, as.a function of y for 0.05 ft = __ y 

y = 5 ft. What is the maximum slope allowed if 

critical flow is not to occur regardless of the +— if} ———+| 
depth? 


V= <BR, Oh where K=/.49 and from Table 10.1 n= 0.014 


7] 


Also, Ry= 4 = ahr and with Fr= “mel, V= Voy 


ie 
| a 3 2yt* 13 
322y = i er) oe Ne 5, = 0.00284|$ x ] 4 
Favation (1) is plotted below. To determine the minimum critical slope 


sel Fe <0. That is: 


¥ 
a ve =(5)(0. aah a toys) *[anwieny ret). O 
Thus, y= @ so that from £ @ i) 
Zz 
S vomiee| a GT |’ = 0.00757 


CC min 


If S$, < 0.00757 critical flow cannot occur at any depth. 
The following valves are obtained fram Ee). Note that 


4 
lim S, = 0.00284 lim 2p" 8 = =e2 and lim S, =< 
yo °¢ yee 22 


See next page tor graphs. 


_| Gon4) 
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Soc VS ¥ 


0.045 +—; 
0.040 +—|— 


i 


Soc VS y (expanded scale) 
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10.85 A 50-ft-long aluminum gutter (Manning coefficient 
n = 0.011)ona section ofa roof is to handle a flowrate of 0.15 ft?/s 
during a heavy rain storm. The cross section of the gutter is shown 
in Fig. P10.85. Determine the vertical distance that this gutter must 
be pitched (i.e., the difference in elevation between the two ends 
of the gutter) so that the water does not overflow the gutter. Assume 
uniform depth channel flow. 


(1) 


§ 


ae rae | re 


MEE AGALRE. P10.85 


ay 
Q =X AR “VS, , where K=19 1 =0,0H and 
L4t? 


A = (Sin. (3 in) +E (Sin. Sip. tan3o’) = 22. 2in. (rap 2)= O.IS#EY* 
Also, 
R, = po, where P = (Sin) +(3in.) + (L ts) = 13.77in. (HE) 2 18H 
Hence 

ONE 
Ky re OC ae ft 
Thus, from Eo.) 


ost = A ossepr (ott) 1 "YS; 


So that 

Se 7 S4RIO” 4 Se — Q 
Bul ia 
S, = SH 

so that 


h =(S0tt) S, 2(Sott)(7.5#xI0*) 20,0377H 20,4S2In. 
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10.87 Water flows upsweam of a hydraulic jump with a depth of 


0.5 m and a velocity of 6 m/s. Determine the depth of the water y, 
downstream of the jump. Cian ee 


a 


—>V; | 
Sa =d/-1 4 l+efr, |, where 


V, 2 6 m/s 
Fr =, 2 m/s 
oe) V7.81m/s?)(0,5 m) Bilt 
Thus 
Ye =3[-1 4] 1802.98] =3.36 
! 
so that 


y, =3.36(0.Sm)= 1,58 m 
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10.88 A 2.0-ft standing wave is produced at the bottom of the 
rectangular channel in an amusement park water ride. If the water 
depth upstream of the wave is estimated to be 1.5 ft, determine 
how fast the boat is waveling when it passes through this standing 
wave (hydraulic jump) for its final “splash.” 


7 e414 [+867 J _ 
iy 2.0ff thst) . 4|- 1+ fier? | 


Thus, Fr,=1.97, or since Fr, 


V, = Fr, Yay = 1.97 /(32.2)(L5 


ee 


10.89 The water depths upstream and down- 
stream of a hydraulic jump are 0.3 and 1.2 m, 
respectively. Determine the upstream velocity and 
the power dissipated if the channel is 50 m wide. 


Ye _ 2m | 
oe em =4]-1+ /+8F7* | or Fr,=3./6 Thos, since Fr=— 


it follows that V,= (3. 16) (4. 8) £4 )(o. 3m) = 5, SALE 
The power dissipated is given by 


P=3Oh, where feo - Yee BE (1-(4 


Zs 
or 
h,= (0.3m)|1- sont C: Gy =o UGea) j-< = 0.504m 


Also, Q= A.V =y,bY, = (0.3m) (50m)( 5.422) = 913 
Thus, 


P=(48 6 


Gum 


3 )(813-2°) (0.50%m)= 40) KM = Yor kW 
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| 10.40 Under Bir alan conditions, water flowing from a 


from the center of the plate with depths upstream and down- 
stream of the jump of 0.05-in. and 0.20 in., respectively. De- 
termine the flowrate from the faucet. 


For a Aydravlic jump * 


ae = tL 1+]7+8F> | o 


O.20/2. 
O, 05 /N- 


This, 


V, = 3,/6 |s2.2H (0.05/12) tH 


and 


}0- 


= +l] 48 We Fe | so that Fp,= 3/6 = 


—_ 
= 


Q=AV, =27R, ), V, = 2m (a He H) (LE) = 0.00759 "= 


0.05 in. 


0.20 in. 


_@ FIGURE P190.q9 


Vv 
oy 


/.16 4 


ae 
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10.91 Show that the Froude number down- 
stream of a hydraulic jump in a rectangular chan- 
nel is (y,/y,)°? times the Froude number up- 
stream of the jump, where (1) and (2) denote the 
upstream and downstream conditions, respec- 
tively. 


% where VA, =KAL, or Y= 


= my rat Hence, Fr =(#.) g, 


(gy,¥4 
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10.92 Water flows in a 2-ft-wide rectangular 

channel at a rate of 10 ft?/s. If the water depth a ee ae oie 
downstream of a hydraulic jump is 2.5 ft, deter- \ — y, fer Got 
mine (a) the water depth upstream of the jump, : Va 
(b) the upstream and downstream Froude num- # ; 

bers, and (c) the head loss across the jump. Q= 10% oO" width= 2 ft 


4) Use & =4)-1+f1+ 6 Fr] ae y,=2slt so that 
$ “y = me Now, with Fr,” = HF - Bee! > Olay 


Or Fes orgs. _, we obtain 


Sty =y, ‘1 +8 (3 0.776 yr By sqvaring both sides and simplifying we 
obtain y* +2.Sy, - ae <0 which gives y =0.228 ft 


(b) From ii ae resul}s 


Fr = 0: rere or Fr, = 8,04 
Also, : 
Q_ wf | af 
Ma= Aa ~ (2.5f#)(2FA) Pen # so that Fry= G Yo Mn ” fex2Bye.5e]” 
"Fr = 2.223 | 
(c) Also, ee 
. 2.5 _ 8.10), 
es yllaF 7 * +e # ( -(4Y = 0.228¢4]I- 0.228 + (IH (22287 )] 
or 
aes 
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10.93 A hydraulic jump at the base of a spillway of a dam 

is such that the depths upstream and downstream of the jump a oe a ae 
are 0,90 and 3.6 m, respectively (see Video V10.N). If the spill- ie —e. 
way is 10 m wide, what is the flowrate over the spillway? Vi ~y=09m Yo=3.6m 


b= 100m 


a ds/FORF]. or emt = bI-1+f14 OF | 


Heme, Fr =3.t6 , but Fe=sc he C WE so that 
V = 3.16 (asrBro%n) * 9.39 


Thos, ; 
Q= AV = by Ya(10.0mi09mX939L) = 845 2 


10.94 Determine the head loss and power dissipated by the 
hydraulic jump of Problem 10,93. 


h=yli-# +i-(#))] , where from 2 = 2 3.6m 25 b+] 14+ EF | 
Hence, Fry= 9.16 so that 


hy, =(0.4m)] I~ shar 4 SEN (Sem) T= 1.51 


Also, P= Qh, , where Y=(gy, Fr, =[(9.81%)(04m)] *(3.16)= 9.392 
Hence, 
P= (980 re) (0. In\100m)(9. gam) | (1s tm)= 12, So0KN:m = 12,500kW 
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10.95 A hydraulic jump occurs in a 4-m-wide rectangular channel 
at a point where the slope changes from 3 m per 100 m upstream 
of the jump to # m per 100 m downsteeam of the jump. The depth 
and velocity of the uniform flow upstream of the jump are 0.5 m 
and 8 m/s, respectively. Determine the value of h if the flow 
downstream of the jump is to be uniform flow. 


pines vi the jump 


Vea Ry Ws “Ys, _, where S,, aa —— = 0,03 


- (4m)(0.8 
and Ki, Ford A = AE eS). vnahe 


Thus (4m +0.5mt0.5™) = 0, "tm 


X 2 
Q, = Ay, < (4m )(0.5m)* (04m) 9.03 


sh K mm 


i 
sf 


Aah rere sihere Fr = a 6 OFS 


gy, = 4 (4.81 )(0.5m) 
- ys, 


or 2 tf-i+ (148 (3. siPy' *] =463 
/ 

so that 

Vee 4,63, 4 4,43(0.5m) = 2.3lm 
There fore, 

A,=(4m) (2.3!m) = 9, 24m and i eal 
so that 


af Y% 
0,2 FAR. VS. ae eeon Se 


or 

Q..7 7670 Ais © 

But, Q,=@,, so that from Eqs. (1) and (2) 
0,199 % =9.67E Ven 

or i 

Se, = 9.000378 = 755m Hence p 29.0378M 


fe 924m" 


= /,07m 
* (#mt2.3lm 42.31) 


/oom 
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10.96 Ata given location in a 12-ft-wide rec- 
tangular channel the flowrate is 900 ft?/s and the 
depth is 4 ft. Is this location upstream or down- 
stream of the hydraulic jump that occurs in this 
channel? Expiain. 


__ 4008 ia.75 
es Garnet = 19-75 2 so that Fr = “Gye * jena byana 75 
Sinee Fr>l, the location is upstream of the jump. 


| 0-94 


eect 


*10.97 A rectangular channel of width b is to 
' carry water at flowrates from 30 = Q = 600 cfs. 
The water depth upstream of the hydraulic jump - 


_ that occurs (if one does occur) is to remain 1.5 % — y=15 ft i Va 
ft for all cases. Plot the power dissipated in the 
. jump as a function of flowrate for channels of 

width b = 10, 20, 30, and 40 ft. 


P=S0h, , where h=y]1-( R)+ He ( I-(% ap) 


and 
% =gh14fl+err | j provided Fr, 20 


Fr, = Gare 


2 (a 
Fr = (ezaEyasay 7 0.0959 g Hence, from E@.() 


hy = @5)]I- (32) +(0. ooo 2) (= (4: LY) | ft, where b~#t Q~£ 
ee, from Eq.() 
Ye a4 -1+ (I+ 0.0736(2)* ] 


For the given valves of plot P from 


, where \,= Be a so that 


=62.4Qh, Fl for 30<Q <600 #4 


Note + If Fr, <I there is no jump and P=0. From above, Fr=/ 
when Q= aoesg = 10,46 
Let Q, = flowrate when Fr,=/, From £9.) we obtain 
a, = 


With b=10,20,30 or 40 calevlate and plot ?p From: 
a) P=0 if <Q 
b) P= 624 Qh te where obtain h, trom Eg. (3) with 
¥ from Eg, (4 if Q<Q<€ 600 


_ (con't) 
10-45 


10.97" | (con't) 


The results of the above calcvlations are plotled below. 


?P, ftlb/s 


1.E+05 


1.E+04 


1.E+03 -|-— 


cf 
i 
i 
t 
} 
i 
I 
H in 


Y 
mi aan 3 


ee 


100 


450 200 


250 300 350 
Q, cfs 


400 450 


500 550 600 
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10.98 — Water flows in a rectangular channel at 
a depth of y = 1 ft and a velocity of V = 20 
ft/s. When a gate is suddenly placed across the 
end of the channel, a wave (a moving hydraulic 
jump) travels upstream with velocity V,, as is in- 
dicated in Fig. P10.7@.Determine V,,. Note that 
this is an unsteady problem for a stationary ob- 
server. However, for an observer moving to the . 
left with velocity V,,, the flow appears as a steady 
hydraulic jump. 


FIGURE P10.78 


For an observer moving to the left with speed ¥, the flow appears as shown below. 


Thus, treat the flow as @ jump with 
i= Vi - (20+ Ww) 
Qi?” Fea.) 


or’ 
Fr, = 0.176 (20+Vy ) 


Ay, A, Y= A, V or Gat = 20tWy 
: Ve Vw 


y= lf yoo 


Vo=Vyy 


sai RO 2, 
Vi = 208 +Vy \ 
| (1) 


(2) 


"4. = +}- ~)4/)+8F;? which when combined with £es.Cl and (2) becomes 


er ]+ 1+8(0.176) (20+ Wy) | 


or £ 
2(20+ My) + Yo = Vy (1 +(0.248)(20+Y, f )* 
or 2 2 2 
(40+3\,)° = V, ea es ], 
O.248 Vy 9.9247 + 91.24 - 240Y,- 1600 =0 


which can be written as 


By using a standard sede progcam, the solvtion to Eq. (3) 


is determined to be V, = 4.36 ft/s. 
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10.94 Water flows in a rectangular channel with velocity 

V = 6mi/s.A gate at the end of the channel is suddenly closed 

so that a wave (a moving hydraulic jump) travels upstream with 

velocity V,, = 2 m/s as is indicated in Fig. P10.498 Determine 

the depths ahead of and behind the wave. Note that this is an byoa- 
unsteady problem for a stationary observer. However, for an PITTI TIT PTIDOTT APTOS 
observer moving to the left with velocity V,, the flow appears i 

as a steady hydraulic jump. FIGURE. P10¢98 


Palen atins moving to the ] eff with speed Y,, = 22 the Flow appears 


= = gf 

Thus, treat as a jump with ‘ ili MY aoe mere er 
V=ef Y=22 . ae 

3 a” 
Since A, Vy =AzVe or aa? m = 4 it follows that 

+ =gl-l+fitem, |=4 Hence, Fr = 3.46 
ape 
However, Fr, Gy %? that 
(a %)* 


= as 
(4.81B)(sy ~ 2.6>2m 


ye=¥y = 4(o.652m)=2.61m 
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10.100 (See Fluids in the News article titled “Grand Canyon 
rapids building,” Section 10.6.1.) During the flood of 1983, a large 
hydraulic jump formed at “Crystal Hole” rapid on the Colorado 
River. People rafting the river at that time report “entering the 
rapid at almost 30 mph, hitting a 20-ft-tall wall of water, and exit- 
ing at about 10 mph.” Is this information (i.e., upstream and down- 


steam velocities and change in depth) consistent with the princi- 
ples of a hydraulic jump? Show calculations to support your 
answer. 


Ts the given data consistent 
with a hydraulic jump? 

V, = 30 mph = 44Ff/s 
V=10mph = /4,7f4/s 

Vi7V, <204} 


From conservation ot mass: AV, =A.Vs 
or y Vi =y le since b, =width = b. 

Thus, 

% a V, on YAtY /s - 2.99 


ee rR 


% WY me7ti/s 
Also, for a hydraulic jymp 


. $ =2(-14}l+8 7) so that 2.99 =Z(-14V148F7 ) 


or 
Fr, = 2.44 


(i) 


Thus since Fr,= a ‘if follome thet 


gy; 
“Ut ft/s or Y,= /0.1 ft. so that from £q.() 


(32.2 fA y, )* 
y, 22.97%, = 2,99 (08 fi) = 30.2 ff 
Hence, the given data gives Yo~\ =30.2ft-10.1ff =20./ ft 


which 1s surprisingly close to the reported depth. Yes, the 
data is consistent with the principles of hydraulic jump. 


244s 
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10.102 Water flows over a 2-m-wide rectangular sharp-crested 
weir. Determine the flowrate if the weir head is 0.1 m and the 
channel depth is 1 m. 


Q=OnF \og bH* where b=2m H=Olm 

Also, 

Cur = 0-611 40.075(B) where Ry = Im-H = Im-O.lm = 0.9m 
Thus, 


Cp =O, Il 40. 075 ( 
so that from Eq. (1), 


Q = 0.619(E) {2 (4.912) (2m) (0. Im)” 2 


te) = 0,619 


| 0-je0 


i j 
Newent” 


70.103] 


10.103" Water flows over a 5-ft-wide, rectangular sharp- §£—— ——————. 

crested weir that is P,, = 4.5 ft tall. If the depth upstream is 5 { ai 

ft, determine the flowrate. SH ee | 
oe eae pee As. R=4.set 


¥ = 
Q=C, 5 v29 bH it where Cur = 0.611 +0.075 (Fe ) b=S#t 


with 
H= 5 ft-4.5ft =05f4 
Hence, Cup = 0.611 Eee gett =0,.614- 
and | 
Q = (0.619)(4) (2 (32.264 ))% (sH(oskes.ast 


10.10% A rectangular sharp crested weir is used 
to measure the flowrate.in a channel of width 10 


=soff | 
ft. It is desired to have the channel flow depth be qQ 508 
6 ft when the flowrate is 50 cfs. Determine the 6ft a 


height, P,,, of the weir plate. } 


Q=C,, 3 V2g'b He where H=6f-P, and 
Cyr = 0.6l] +0.075 HH 


Fy 
Thus, 
Y= (0.61) +0.075 (25%) (2) (2) (6-R,) 


or 

3 ~ 
50H = (0,611 40.075 (Se )) (F) 644584 (io tt) (6-y) , where Ry~ ft 
Hence, 


ee 2S 3 
[a.is + {6-Fe))(6-R,)*- 12.5 =0 a) 


By using a standard roct-tinding program , the solution 


| to £9. th) 
is found tobe fy = A70F ed. 


/0-/0] 
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10.105 Water flows from a storage tank, over two triangular 
weirs, and into two irrigation channels as shown in Video V10.13 
and Fig. P10.105. The head for each weir is 0.4 ft, and the flowrate 
in the channel fed by the 90°-V-notch weir is to be twice the 
flowrate in the other channel. Determine the angle 6 for the second 
weir. 


m FIGURE P10.105 


5, 
O= Ce tan(&) Vag H (1) 
where ; 
0, = 490 j Hy =H, = O04 | and Q,= 20, (2) 
Thus, from Fig. [0.21 
Cyt, = 0.590 


From Eastland (2), 
Coe O1 Vag He 8 G2. ag 
wt 75 tan () 29 11, = Cup, & tan( &) 29 M2 X2 


or 

0.590 tan ¥5° = Cyt, tan (F )*2 

or 

Cyt, tan( 2) = 0.295 (3) 


Trial and error solution? Assume ©2= 20°, From Frg, 1021, Cyj,* 0.826 
Thvs, Cut, tan ( =) = 0,626 tan (10°) = O.110 = 0.248, Thus, 0, ¢ 20° 


Repeated tries result in the graphbelow from which we conclude that 
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10.106 Rain water from a parking lot flows into a 2-acre (8.71 
x 10* ft?) retention pond. After a heavy rain when there is no 
more inflow into the pond, the rectangular weir shown in Fig. 
P10.106 at the outlet of the pond has a head of H = 0.6 ft. (a) 
Determine the rate at which the level of the water in the pond 
decreases, dH/dt, at this condition. (b) Determine how long it 
will take to reduce the pond level by half a foot; that is, to 


H=0.1 ft. BMFIGURE P10.106 


For a rectangular Wein 
Q =Cy, ¥2g DN, where Cyp = 0.6114 0.075% 
Thus, with b ge and fy = 24t 


G) = = (0.6 +0075 5) 2 iz (32. Gr (sy 
or 
Q = 26. a ve IE where H~ft 


d v2 H 
Also, Q = Arona ot =~ 8,7/xI0 a 
Thus, from Egs.(tand (2), 


_ gc7ixio" ge = 26,7 (0, 61140,0375 H) 
or 


te 


- 3 ah 3 -S, 5 
(3) df 2307410 (0611 #0,0375H) N= -1.97x10'H * -Lisxi0 WA 


@) When H =0.6f, 


; 5B el “s 
a = =1,87K10 (0.8) *- 1 /sxié (0.8) ~ =-G01x10 (“e*) 


= 0.3a%t 


(b) Integrate Eq(3) from H=0.6 4 when £<0 to H=artt when fe7 


Ths, trom Fa/3) 
feP H=0. 


Fe dbf. aan | nn 
f=0 Heos (1. 87x10 HO HhISKIO™ 15/2.) 

© gr 96 
(4) T= (de 
5 8 20H? tL tsx10 H*/2.) 


merical integration of Egl¥) gives T= 194,900 s (——— jf) 2 S53 hr 
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10.107 A basin at a water weatment plant is 60 ft long, 10 ft wide, { Q H 
and 5 ft deep, Water flows from the basin over a 3-ft-long, H+P ie ae > 
rectangular weir whose crest is 4 ft above the bottom of the basin. ‘" R= 4H i 
Estimate how long it will take for the depth of the water in the 
basin to change from 4.5 ft to 4.4 ft if there is no flow into the // 

basin. 


q = Cup $ 2g b H”* where b=34 and Cup =(0.s11+o025( )) 
This; 
3 
Q =(0.6 +0.075 (#)) 2] 2G2.2 Fe) (3H o 
or 


Q= 9.91 +0.301H” HY, where H~ tt 


Also, 
dH 


= Alen, dt = - (sof (ott) Sr 
or 


Q = -600 ot 
Thus $rom Eqs (1) and (2) 
-600-44 = 9.9 40.3014 a 


dt = -00164H 9 ooso2H where H=water depth in channel -¥f4. 
Ys with Hz 0.8 tf at 20 and H=0.4H af £=T tt follows that 


HO. 
db =~} 5 9 pods0a Ht) 
tod (0.0164 H°'* +0, 000502. 


0.8 di 


~ _) (0.0184H?*+0,0005024°) 
0.4 


A standard nymerical integration of £y. C4) gives 


7 = 20.1 8 

Note: From Eq, (3), di = -0,00589 Ht when Hz OSH and -0.00420£ 
when H =0.###. Al these rates with 4b = AH = “OL we would 
obtain T= -O.1t/ (4) =-0.1 1/-0.00889 ft) = 17.08 or 
T=-0.1ft/(-0.0042.0#) 223.95, which brackels the acival T=20.15. 
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10.108 Water flows over a sharp crested tri- 
angular weir with 8 = 90°. The head range cov- 
ered is 0.2 = H = 1.0 ft and the accuracy in the 
measurement of the head, H, is SH = +0.01 ft. 
Plot a graph of the percent error expected in Q 
as a function of Q. 


Q=C,, a tan(2) ¥29° He where @ = 90° 
Thus, 
Gh = Bt V5 [BHP 1 So 


aa _ [Gy (Eun Fi] at 
Cut H 


ive fe iaaeh and ae ft calculate 
@ after obtaining Cys and oa from Fig. 10.21. dn, 


d ; 
HA | Go | “ait | “ge me 


pa (oto 20100 | ones? ; 


0.4 0.588 |- 0.042. | 0.0618 
0.6 0.582 |~0.0/8 | 0,04/4 
0.8 0.583 |-0.005 | 0,03/2 


_ 10 0.58!) oO 0.0250 


The above results are plotted bebw: 


Oh atic Fe 


0 02 04 06 O08 1 
H, ft 


[o-l0s 


() 


10.109 (a) The rectangular sharp-crested weir shown in Fig. 

P10.109a is used to maintain a relatively constant depth in the 

channel upstream of the weir. How much deeper will the water be 

upstream of the weir during a flood when the flowrate is 45 ft?/s 
compared to normal conditions when the flowrate is 30 ft?/s? Assume 

the weir coefficient remains constant at C,, = 0.62. (b) Repeat the 

calculations if the weir of pari (a) is replaced by a rectangular sharp- 

crested “duck bill” weir which is oriented at an angle of 30° relative g ¢1G@uURE' P10.104 
to the channel centerline as shown in Fig. P10.109b. The weir 


coefficient remains the same. 


In either case 
Q- Ce Vee bo? = 0,625) 2032.2 H/s*) bH™% 


Q = 3,32 by ; where Q~ 1% when b~ ft and H~ ft () 


(a) From Eq. () with b=2o0ft if Q=30fY/s then 
30 = 3.32 (20) 4 or H,, 70.584 ft 
If @ mer then 
45 =3,32 (20) a or H = 0.72 4 
Thus, AH=H, aH = 0.772 4-O.589Tt = 0/831 
(b) From Eq, (1) ee a (10f#)/cin 30°= oft (4 Q= sue then 
30 = 3.32, (vo) , or H, = 0,371 fl 
If Q=45 HL then 
4S =3,32 (oH or Ih, = 0,486 Ht 
Thus, OH, = Hyg ~ Hy = O.486Ft ~ 0,371 Ft = ONS Ft 
Note that the “duck bill’ weir gives asmaller change ia the head than 
does the “regular” wei. 


}0-/06 


10.110 | Water flows in a rectangular channel of 

~ width b = 20ft at arate of 100 ft?/s. The flowrate 
is to be measured by using either a rectangular 
weir of height P, = 4 ft or a triangular (@ = 90°) 
sharp crested weir. Determine the head, H, nec- 
essary. If measurement of the head is accurate to 
only +0.04 ft, determine the accuracy of the mea- 
sured flowrate expected for each of the weirs. 
Which weir would be the most accurate? Explain. 


(a) Rectangular weir: 


Q= (0.61 +0.075(4 ))(2) ag bH* where R= 4# 


Thos, 
o fos + o.075(#)] (F)[2 (32.2 44)] ont) H* 
Q= 107 (0.61 +0.0188H) H” = where Q~ # and H~ ft (1) 


mt Q= 1008" this gives 0.935 =(o. 611 +0.0188H)H 


OY 32.5 +H) HE 49.7 =0: 
By using a standard root- paling program, the solviton to £9, (2) ks 
determined to be 
H=1294 ‘it 


(b) Triangular weir , 
Q= Gye i tan (2) a H* = G1 (Ban #5°) [2 (32.2% 28 3) * 4° 
"@ = 4280C, yg H™ ca , phere H~ ft and ©,» is from Fig, 10.24. (2) 
For Q= loo # » assume C447 O58 so that 


4,29 (0.58) H™* , or H=439ft Note: The assumed Gy=0.58 
checks (see Fig. 10.2!) 


Caleviate Q for HE Hyoo, 440.04, and H,,- 0.0% from Eas. (and (2): 
(Rectangular) H, fi | Q, cfs (Triangular) H,ft | Q, cfs 


1.254 | 95.3 | 4,35 
Hoo 1.294 | 100 Heo = #39 100 
1,334 1049 4,43 }02.5 


With Ht0.04f if is seen that triangular weir is more accurate 
(¢.e. smaller variation inQ). 


10.111 | 


10.111 Water flows under a sluice gate in a 60- 

ft-wide finished concrete channel as is shown in ~ 

Fig. P10.i!l. Determine the flowrate. If the slope 

of the channel is 2.5 ft/200 ft, will the water depth 

increase or decrease downstream of the gate? As- arcane 
sume C, = y,/a = 0.65. Explain. fe . 


FIGURE P10.11J 


Q= bg=bC, a Vegy , where b= 60ft a=2ft, and from Fig.l0.24 


since 4a loft =5 tt follows that C= 0.55 
Hence, 


Q= (608) (0.5524) 2 (22.24 )(sof)] *= 16705£ 


S 


Determine the slope needed to maintain uniform flow downstream 


of the gate? 


O-FA Ry? Sf , where K<149 and from Table 10.1 n= 0.012 


Also, y, = 6, a =0,65 (2 Ft) =1.3 ft ca 


L3 ft 
so that tL 6of ——] 
al A = (1.3 #1)(608t) = 78 fH", P= (60+20.3) ft =62.6 


- _ _76fi? _ 
R,=4 “saw = 24st 
Thus, from £9,(): 


= LHI We ot s 
1670 = 5- (781.245) $” | or S,= 0.0222 


Hence, the required slope for uniform flow is S,= 0.0222 


but the actual slope is 5,= 25% =0.0125, less than reqired. 
The flvid will slow down and the depth increase. 


]0-l08 


10.112 Water flows under a sluice gate in a 
channel of 10-ft width. If the upstream depth re- 
mains constant at 5 ft, plot a graph of flowrate as 
a function of the distance between the gate and 


—_ 
channel bottom as the gate is slowly opened. As- WATT TERI TI TIT 


sume free outflow. 


Q=gb = bG a {Zgy, , where y= 5tt, b= 10 ft and 0, is from Fig.10.25. 


Thus, : 
Q=G (iota 2228s MH)" = 179Ga = 
q | @# 
“0.6 O 

0.58| 519 

0.55 98-5 

0.53 142 

0.5] 163 

9.50 22.4 


4 


v7 


: where a~ fl 


—— 


ahs 


Q, ftP/s 


| 0-/09 


Fig. 10 
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10.113 A water-level regulator (not shown) maintains a depth of 
2.0 m downstream from a 10-m-wide drum gate as shown in Fig. 
P10.113. Plot a graph of flowrate, Q, as a function of water depth 
upstream of the gate, y,, for 2.0 Su = 5.0 m. 


@ FIGURE P16.43 


Q=be =byaV2gy , where a=lm and b= 0m, 


Thus,. : 
Q = (10m) Cy (Im) V209.812%) (ym) = #%2C,Vy , where Q~z 


Obtain Cy trom Fig. 10.25 with % =2, 


when y,~m 


y1,m yt/a Cd Q, m3/s 

2.00 2.00 0.00 0.00 

2.20 2.20 0.25 16.43 

2.40 2.40 0.35 24.02 
2.50 0.42 29.42 
2.60 0.47 33.57 
2.80 0.53 39.29 
3.00 0.53 40.67 
3.50 0.54 4475 
4.00 0.55 48.29 
4.50 51.69 
5.00 


|] 0-110 
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1041 Calibration of a Triangular Weir 


Objective: The flowrate over a weir is a function of the weir head, The purpose of this 
experiment is to use a device as shown in Fig. P10.!!#to calibrate a triangular weir and de- 
termine the relationship between flowrate, Q, and weir head, H. 


Equipment: Water channel (flume) with a pump and a flow control valve; triangular weir; 
float; point gage; stop watch. 


Experimental Procedure: Measure the width, b, of the channel, the distance, P,,, be- 
tween the channel bottom and the bottom of the V-notch in the weir plate, and the angle, 6, 
of the V-notch. Fasten the weir plate to the channel bottom, turn on the pump, and adjust the 
control valve to produce the desired flowrate, Q, over the weir. Use the point gage to mea- 
sure the weir head, H. Insert the float into the water well upsweam from the weir and mea- 
sure the time, ¢, it takes for the float to wavel a known distance, L. Repeat the measurements 
for various flowrates (i.e., various weir heads). 


Calculations: For each set of data, determine the experimental flowrateas Q = VA, where 
V = L/t is the velocity of the float (assumed to be equal to the average velocity of the water 
upstream of the weir) and A = b(P,, + H) is the flow area upsweam of the weir. 


Graph: On log-log graph paper, plot flowrate, Q, as ordinates and weir head, H, as ab- 
scissas. Draw the best-fit line with a slope of 5/2 through the data. 


Results: Use the flowrate-weir head data to determine the wiangular weir coefficient, C,,,» 
for this weir (see Eq. 10.32). For this experiment, assume that the weir coefficient is a con- 


stant, independent of weir head. 


Data: Toproceed, print this page for reference when you work the problem and click Here 
to bring up an EXCEL page with the data for this problem. 


@ FIGURE P10.114 


(0-TH 
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Solution for Problem 10.J/4 Calibration of a Triangluar Weir 


6, deg in. Py, in. L, ft 
90 , 6.55 1.50 


V, ft/s 
0.183 
0.176 
0.140 
0.120 
0.091 
0.077 
0.055 
0.031 
0.024 
0.022 


Q=VA= V*b(P,, + H) where V = Lit 


Q, ft*3/s 
0.0711 
0.0679 
0.0530 
0.0443 
0.0328 
0.0270 
0.0189 
0.0101 
0.0076 
0.0070 


Q =Cy (8/15) tan(6/2) (2g)"” H®? where from the graph 


Q=2.76H** 


Thus, C,, = (15/8)*2.76/(2"32.2)"” = 0.645 


Problem 10.11 
Flowrate, Q, vs Head, H 


| __@ Experimental 


/0 ~H2. 


10.145 Calibration of a Rectangular Weir 


Objective: The flowrate over a weir is a function of the weir head. The purpose of this 
experiment is to use a device as shown in Fig. P10.)£5to calibrate a rectangular weir and de- 
termine the relationship between flowrate, Q, and weir head, H. 


Equipment: Water channel (flume) with a pump and a flow control valve; rectangular 
weir; float; point gage; stop watch. 


. Experimental Procedure: Measure the width, b, of the channel and the distance, Py, 
between the channel bottom and the top of the weir plate, Fasten the weir plate to the chan- 
nel bottom, turn on the pump, and adjust the control valve to produce the desired flowrate, 
Q, over the weir. Use the point gage to measure the weir head, H. Insert the float into the 
water well upstream from the weir and measure the time, ¢, it takes for the float to travel a 
known distance, L. Repeat the measurements for various flowrates (i.e., various weir heads). 


Calculations: Foreach set of data, determine the experimental flowrate as Q = VA, where 
V = L/t is the velocity of the float (assumed to be equal to the average velocity of the water 
upstream of the weir) and A = U{(P,, + H) is the flow area upsweam of the weir. 


Graph: On log-log graph paper, plot flowrate, Q, as ordinates and weir head, H, as ab- 
scissas. Draw the best-fit line with a slope of 3/2 through the data. 


Results: Use the flowrate-weir head data to determine the rectangular weir coefficient, 
C,,,, for this weir (see Eq. 10.30). For this experiment, assume that the weir coefficient is a 
constant, independent of weir head. 


Data: To proceed, print this page for reference when you work the problem and click here 
to bring up an EXCEL page with the data for this problem. 


@ FIGURE 810.15 


10-3 
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Solution for Problem 10.{t5 Calibration of a Rectangular Weir 


b, in. Py, in. L, ft 

6.00 6.00 1.40 

H, ft t,s V, ftfs Q, ft*3/s 
0.254 2.2 0.636 0.240 
0.216 2.7 0.519 0.186 
0.184 3.0 0.467 0.160 
0.162 4.2 0.333 0.110 
0.151 4.5 0.311 0.101 
0.111 6.6 0.212 0.065 
0.060 15.8 0.089 0.025 
0.046 23.8 0.059 0.016 
0.031 38.4 0.036 0.010 


Q = VA = V*b(P,, + H) where V = Lit 
Q = Cy, (2/3) (2g)"? H*? b where from the graph 
Q=1.79H"* 


Thus, Cy, = (3/2)"1.79/(0.5*(2*32.2)") = 0.669 


| Problem 10.15 
Flowrate, Q, vs Head, H 


sine 


0.10 1.00 


| 0-14 
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10.136 | Hydraulic Jump Depth Ratio 


Objective: Under certain conditions, if the flow in a channel is supercritical a hydraulic 
jump will form. The purpose of this experiment is to use an apparatus as shown in Fig, P10.116 
to determine the depth ratio, y2/y,, across the hydraulic jump as a function of the Froude 
number upstream of the jump, Fr,. 


Equipment: Water channel (flume) with a pump and a flow control valve; sluice gate; 
point gage; adjustable tail gate. 


Experimental Procedure: Position the sluice gate so that the distance, a, between the 
bottom of the gate and the bottom of the channel is approximately 1 inch. Adjust the flow 
control valve to produce a flowrate that causes the water to back up to the desired depth, yo, 
upstream of the sluice gate. Carefully adjust the angle, @, of the tail gate so that a hydraulic 


_ jump forms at the desired location downstream from the sluice gate. Note that if @ is too 


small, the jump will be washed downstream and disappear. If @ is too large, the jump will 
migrate upstream and be swallowed by the sluice gate. With the jump in place, use the point 
gage to determine the depth upstream from the sluice gate, yo, the depth just upstream from 
the jump, y;, and the depth downstream from the jump, y2. Repeat the measurements for var- 
ious flowrates (i.e., various yo values). 


Calculations: For each dataset, use the Bernoulli and continuity equations between points 
(0) and (1) to determine the velocity, V;, and Froudenumber, Fr, = V;/(gy,)'”, just upstream 
from the jump (see Eq. 3.21). Also use the measured depths to determine the depth ratio, 
y2/y,, across the jump. 


Graph: Plot the depth ratio, y2/y,, as ordinates and Froude number, Fr), as abscissas. 


Results: Onthesame graph, plot the theoretical depth ratio as a function of Froude number 
(see Eq. 10,24), 


Data: To proceed, print this page for reference when you work the problem and click ftere 
to bring up an EXCEL page with the data for this problem. 


Hydraulic jump 
Tail gate 


@ FIGURE P10.116. 
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Solution for Problem 10.116 Hydraulic Jump Depth Ratio 


Experimental Theoretical 

Yo, ft y,, ft Yo, ft. V,, fs Fr, yal; Fr, yolyy 
0.855 0.055 0.404 7.19 5.40 7.35 1 1.00 
0.759 0.055 0.386 6.75 5.07 7.02 2 2.37 
0.691 0.055 0.367 6.42 4.82 6.67 3 3.77 
0.578 0.055 0.337 5.83 4.38 6.13 4 5.18 
0.492 0.055 0.308 5.34 4.01 5.60 5 6.59 
0.414 0.055 0.280 4.85 3.65 5.09 6 8.00 
0.289 0.055 0.233 3.95 2.97 4.24 

0.248 0.055 0.211 3.62 2.72 3.84 


For flow under a sluice gate: 
Vs = [2g*(Yo- ya)l(1 = (Ya/¥o) II" 


Theory: 
Yalyy = [-1 +(1 +8Fr,?)"7V/2 
Fr, = Vil(gys)” 
Problem 10.196 
Depth Ratio, y./y;, 
vs 
Froude Number, Fr, 
i 
i 
s —#— Experimental 
—— Thecretical _ 
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10.117 | Hydraulic Jump Head Loss 


Objective: Under certain conditions, if the flow in a channel is supercritical a hydraulic 
jump will form. The purpose of this experiment is to use an apparatus as shown in Fig, P10.117 
to determine the head loss ratio, h_/y,, across the hydraulic jump as a function of the Froude 
number upstream of the jump, Fr, 


Equipment: Water channel (flume) with a pump and a flow control valve; sluice gate; 
point gage; Pitot tubes; adjustable tail gate. 


Experimental Procedure: Position the sluice gate so that the distance, a, between the 
bottom of the gate and the bottom of the channel is approximately 1 inch. Adjust the flow 
control valve to produce a flowrate that causes the water to back up to the desired depth, yo, 
upstream of the sluice gate, Carefully adjust the angle, 0, of the tail gate so that a hydraulic 
jump forms at the desired location downstream from the sluice gate. Note that if 6 is too 
small, the jump will be washed downstream and disappear. If 6 is too large, the jump will 
migrate upstream and be swallowed by the sluice gate. With the jump in place, use the point 
gage to determine the depth upstream from the sluice gate, yo, and the depth just upstream 
from the jump, y;. Also measure the head loss, /,, as the difference in the water elevations 
in the piezometer tubes connected to the two Pitot tubes located upstream and downstream 
of the jump. Repeat the measurements for various flowrates (i.e., various yo values). 


Calculations: For each data set, use the Bernoulli and continuity equations between points — 
(0) and (1) to determine the velocity, V,, and the Froude number, Fr, = V,/(gy,)'”, just up- 
stream from the jump. Also calculate the dimensionless head loss, /,/y;, for each data set. 


Graph: Plot the dimensionless head loss across the jump, /,/y;, as ordinates and the. 
Froude number, Fr, as abscissas. 


Results: On the same graph, plot the theoretical dimensionless head loss as a function of 
Froude number (see Eqs. 10.24 and 10.25). 


Data: To proceed, print this page for reference when you work the problem and click Here 
to bring up an EXCEL page with the data for this problem. 


iy gate Point gage 


(0) { 


hy 
Hydraulic 
jump | Tail gate 


“Pitot tube m FIGURE P10.1I7- 
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Solution for Problem 10.1177 Hydraulic Jump Head Loss 


Experimental Theoretical 
Yo, ft y3, ft Yo, ft. h,, ft V;, fs Fr, hi/y, Fr, Y/Y, hy/y, 
0.855 0.055 0.404 0.364 7.19 5.40 6.62 1 1.00 0.00 
0.759 0.055 0.386 0.313 6.75 5,07 5.69 2 2.37 0.27 
0.691 0.055 0.367 0.271 6.42 4.82 4.93 3 3.77 1.41 
0.578 0.055 0.337 0.201 5.83 4.38 3.65 4 5.18 3.52 
0.492 0.055 0.308 0.152 5.34 4.01 2.76 5 6.59 6.62 
0.414 0.055 0.280 0.117 4.85 3.65 2.13 6 8.00 10.72 
0.289 0.055 0.233 0.058 3.95 2.97 1.05 
0.248 0.055 0.211 0.042 3.62 2.72 0.76 
For flow under a sluice gate: 
V4 = [2g*(Yo - ¥VM(1 = (Ys/¥o)" I” 
Theory: 
tilys = 1 - (Yalya) +Fra7[1 ~ (yalya)V2 
where 
Yal¥y = [4 1 + BF ry?) V2 
Problem 10.117 
Dimensionless Head Loss, h,/y, 
vs 
Froude Number, Fr, 
i 
> 
ood 
= 
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11.1 Distinguish between flow of an ideal gas and inviscid flow of 
a fluid. 


he tlow of an ideal gas mvoWes a gas that obeys the bua tion 
of Stare , Eg. //. 1 


a 2 
C* az _ | 
and for which jpterma! anergy 4,18 4 tunction of femperature only. 
An ideal gas my have non- £70 VIscosi ty. 


The invisejd thw of a tluid mnvoles a thud that has 
oP ViSCOS ity, Thal tlaid pay Or i not be au idta / I*5. 


11.3 Five pounds mass of air are heated in a closed, rigid container 
from 80 °F, 15 psia to 500 °F. Estimate the final pressure of the air 
and the entropy rise involved. 


To determine the tinal pressure, FP, we can use the idea|/ 


inal ) 
gas eguation (3.1). Thus, tor constant mass = aensity , 


= Peni pial Pastas Ween Y%o *R) YoluvAe | 
iY 7 2 oo Ss = 26.7 Psa 
nal r 6.2 


wnifial S40" 
£3. 41.22 may be used to determine the entropy vise, S,-5. Thus, 


a a S, — Ce In T tinal = R Ih Creal 


ae P, 
initial =? from Table 1-7 


= (6006 Flb \ in ee “ ) =F £4 pa Ib 6. ae) - 2466 Filo 
slag °K ee) Slug. 4 (0) —slug. R 


11.4 Air flows steadily between two sections in a duct. At 
section (1), the temperature and pressure are 7, = 80°C, 
P; = 301 kPa(abs), and at section (2), the temperature and pres- 
sure are 7, = 180°C,p, = 181 kPa(abs). Calculate the 
(a) change in internal energy between sections (1) and (2), 
(b) change in enthalpy between sections (1) and (2), (c) change 
in density between sections (1) and (2), (d) change in entropy 
between sections (1) and (2). How would you estimate the loss 
of available energy between the two sections of this flow? 


(a) Eg. 11-5 may be used ro evaluate the change in tnierna/ 
energy , 4,-u-. The, 


z / 


hn Gt G&L GHE) ® (ane 57 s , )(K- 353K) = aoe A 


(b) Eq. "9 may 6e used to evaluate the change a enthalpy, 
eT Thus, 


b-& = GCE-T Je (1004 ZT Vy53k - 7574) = 199,400 FT 


(c) the ideal gas Quation CEg. 10. lg iN be used ty evaluate 
the density at each section. 


« &. &. 
a4 RT, RY, 16-. t) 


or mM o1 000 & 
(it tghecicne JOUMG) . CEP EL abe 
i Tae (453k) (353K) m3 


Ag. K 

imu f 

(d) Eq . Ml. 22 may be used % evaluak rhe change in catropy , 
5, - 5, . Thus , 


2. Rin Ae (he joo FT "ls 453k) 
fn 


f, gk G53), 


ov (286.9 a yp 


CFO! hela 


(con't) 


Since the flow involves @ signiticant change wn ens! , see 

Solution xo Part (€) above, it is Compressible and &]. 5108 
must be Used to evaluation the loss m availabh ehersyy beAwtn 
sec tins 0) and (2). So Farm Eo, 5./0& we get 


2 
voy 
oss = wi + f pda) - 
eccia  ta) ME 


In 
and to complet this soletim we neek mot. thhrmatin So vt 
Can evaluat the tine sva/ and Ciek ° 


Mn 


M.5 


11.5 Does the entropy change during the process of Example 11.2 
indicate a loss of available energy by the flowing fluid? 


We combine E¢. 5.106 

dit + pd )- 59 net : S(loss ) 

In 
with Eq. 5.92 
ds «du Al 

Tds ut p (5) 
to get 

Tds Qh = b( bss) 
and conclude that it this flow 1s adiabatic (4g =o) 


wet 
‘n 


then entry change ic telated + bsg : 


1706 


11.6 As demonstrated in Video V11.1, fluid density differences 
in a flow may be seen with the help of a schlieren optical system. 
Discuss what variables affect fluid density and the different ways 
in which a variable density flow can be achieved. 


For an /dea/ gas: 


ee 
Ce RT 


So changes In ders: ty ewill accompany changes in 
pressure, PP, 995 compositon R and/or remperature, T. 
Variations in tluid velocity andfor heating and 
ceelsing vray Vesult in pressure and temperature 
changes. Changes in gas Composihon that atfec? 


the Value of fhe Jas Cons tan? , KR, Wi result mn 
changes of density rae 


1 i 


11.7 Describe briefly how a schlieren optical visualization system 
(Videos V11.1 and V11.4, also Fig. 11.4) works. How else might 
density changes in a fluid flow be made visible to tbe eye? 


Density Vawiatons IN @ transpa vent Howing Shard resutt re 
Variahons — 


These. light speed variatons result in changes in hight ray 
direction and phase. Changes in hot 

local variations in perceived light brightness, The. 
shaclwgraph and schlreren methods make visible 
these variathons in /. 19 At bright ness. An imterferomefer 
makes visible the local variations un light ray pase . 

A Good description of These three Hw Vizualizahor 


methods may be found yy The Handbyof of Flijd 
Dynamics edited by Richard W TJthuson and 
published by the CRC Press (1992). 


l= 


11.8 Explain why the Bernoulli equation (Eq. 3.7) cannot be ac- 
curately used for compressible flows. 


Refer to Section 3.8.1 Compressibilih, Et¥ects 


11.9 Air at 14.7 psia and 70 °F is compressed adiabatically by a 
centrifugal compressor to a pressure of 100 psia. What is the min- 
imum temperature rise possible? Explain. 


The minimum temperature rise would occur with an adiabatic and 
trichonless process which involves a constant entropy ov isentropic 
flow. According to the second law of thermodynamics , £9. 5. jor , 
the €ntropy must icrease or remain Constant during an @adjebahle 
process, *# cannot decrease. The T-s diagram sketched belw 


illustrates how the isentropic process results in a minimum femperttn 
rése . Fut 


‘ 
“2 adiabatic process with friction 
/ 


, P- 
sen tropi Cc 


Compression 


Ss 


For the isentropic process , Fs el is valid. Thas, 
Rhus \® : / ; 
Tock = e (ss) m (530 R) ch Sa 
minimum I ee 14.7p5i¢ 
~ 972 - 5302 


Minimam 
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11.10 Methane is compressed adiabatically from 100 kPa(abs) and 
25 °C to 200 kPa(abs). What is the minimum compressor exit tem- 
perature possible? Explain. 


The minimum compressor exit temperature would oecur with an 
Adiabatic and frichonless process which involves a constant 
entropy or /sentropic thw. According to fhe s€cond law of 
thermodynamics , Eg. §.101, the entropy must sncvease or 
vemain constant curing qn adlabhajyyc process, it cannot 
decrease. The T-s diagram sketched below Mustrates how the 
stn tropic Process results in o fower exit femperafure. than any 
actual adiabatic process betweer the same pressures. 


Fout 
T 
adiabatic process with triction 
isentropic 
process 
. Ss 
For the isentopre Compression ,we conclude trom 3 //.24 that 
Res 
= Fout 
Tout. 7 i. = a 
PIjnimum th 
LZl-t 
Or 37 
a si (296K) 200 hho = 35/K 


fund 3 Ra 


N-~ F 


11.11 Air expands adiabatically through a turbine from a pressure 
and temperature of 180 psia, 1600 °R to a pressure of 14.7 psia. If 
the actual temperature change is 85% of the ideal temperature 
change, determine the actual temperature of the expanded air and 
the actual enthalpy and entropy differences across the turbine. 


Jo determme the actual temperature of the expanded Gir ana the 
actual enthalpy and entropy aitlerences across the fturbjne we nttd 
first 7 determine the ideal temperature change across the turbine. 
The ideal temperature change acwoss the turbine is associakd wilh an 
adiahatie ana frictionless and thus isentropic throne CXpansion. 

The actual process tnwhes A Smalley femperatere change as illushakA 
With the 7—-S agran skekh belw. 


+ 


isentropic 
process 2» 


Eg. 11.24 /s vahd tor -. /sentropi'c ii canaaiiaa — 


ae , (Ee)* = (1600°R ) /4. a : 


clea / 180 psia 
STR 7 


z= 03a5(T  -7 


Mn 


co / 


Lake si lel 1600°R = 705° R 
actual 
The actual ae dittvence, h faut A. _) may be obfained with rae ~ 
v v 
actnal (Tat - SS sing 
De actual entropy ditfevence out “ 5. ee wi with & M22. Thees, 


Tut, 
- 5. =6,/n( eh p) ~ R Inf Feut boot Fit inf OS 5) fc 8 ya o(' M7 pia 
ut 5 ‘n —- “ -) - ~(iet os (2 Flug.°R Pid “R 30 psia % 


va) 
Soup 5,, = BTL Fae L From Table 7 


— Flug, °” 


or 


//- & 


11.12 An expression for the value of c, for carbon dioxide as 
a function of temperature is 


115x105 2.49 x 10° 
St 
T T* 


where c, is in (ft. 1b)/(Ibm -°R) and 7 is in °R. Compare the 
change in enthalpy of carbon dioxide using the constant value 
of c, (see Table 1.7) with the change in enthalpy of carbon diox- 
ide using the expression above, for T, ~ T, equal to (a) 10°R, 
(b) 1000 °R, (ce) 3000 °R, Set 7, = 540 °R. 


c, = 286 - 


For constant G, the change In enthalpy ,h,-h, , may be 
evaluated with €g. 1.9. ay 


(hh) = 6 6 Ch, =F 


lor varying 7 5 the ae mn enthalpy, h a ol be 
evaluated " Eq. ont Thus, 


V4 PT = [( = wget + ee) AT 


w= Tbm2R 7 


ack ee 286 (te “1, ) ah i ba ) 2a (| ci a 
= 550°R 


= (152 SA le pene: 540R) . 1520 Ft 
fom. °R. i 


m 


h = (236 oe) 5S50R - SY0'R fi5 x ft. Ib We: 
i hm. °R ( 7, Hes, - 


540'R 
(2440 fb. R /- et . . of ) 


1590 ft. 16 
Ibe 


(con't ) 


H-4 


con't ) 


(6)For T= 5¥0'R and T= 154¥0°2 


(52 t+ lo R- 540%) = | * fbb 
(A, b, D cmbbia? “iC ee ae /S¥0 o'«) 152 xib fi 


= [286 ftle_\/is¢o%e- 540‘) 
“Ch A, ) hie 4 lbm. *R \( 
i — (1.15 x10" #4: oe lb bse 
SY0°R 


i ad ft. 4. R 
lom Pon A te 
Ch, he) = 195 x10” ¢t-lb 
is] = S fhm 
Cp 
(c) For T= 5¢0R aud 7, = 35402 


; s 
h h ) 2 (ee BE ft. 16 \(3540'e- S¥o'R) = 4.56 x10 ttl 
a Ibm, “R lbw 


voy ft/lb oS p,fster 540 
Fag ie fy fon) wae 
6 


-(24%xi0" ft. 1/6. 


Wc 
lbm anys, ae) 


Cf i) = 680 x10 Ft 
2 Varying ——SS bin 


S 
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11.14 Confirm the speed of sound for air at 70 °F listed in Table 
B.3. 


£4. M36 is Suitable fr caleulating the speed of Sound in alr. Thus, 


c= RT# = (1706 t+. la ($30 °R)(-401 ) = 29 tt 
slug, ‘R 7 Le Ss 
slug. a ) 


From Talle £3 
ce 28 tt fy air at 70°F The valuer of c are comparable. 
ir 


1S 


11.15 From Table B.1 we can conclude that the speed of sound 
in water at 60 °F is 4814 ft/s. Is this value of c consistent with the 
value of bulk modulus, £,, listed in Table 1.5? 


The speed of sound jn water may be appoximated tom a 


hominal value of the bulk modulus, E , and density p, 
with Eg. U-38. thas 


From Table 6! 


c = 414 Ft 
Ay 
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11.16 If the observed speed of sound in steel is 5300 m/s, deter- 
mine the bulk modulus of elasticity of steel in N/m?. The density 
of steel is nominally 7790 kg/m’. How does your value of E, for 
steel compare with E, for water at 15.6 °C? Compare the speeds 
of sound in steel, water, and air at standard atmospheric pressure 
and 15 °C and comment on what you observe. 


The speed of Sound , Co, #5 relaked - the bulk modulus of 
Clasticity , E , and density, ~, by &y. "38 as follows 


S = Er 
fr 


Thus 
P= pC" Table 1:7). 


Vv 
and for stfeef/ 


Zz 
E = (7770 eq ) wif? ) 


Stee! Rq, ™ 
Or 
Mt N 
é, = 27x & 
see] a m™ 
For water af 15.6 C we get tm Table 1.6 ies Tabak: 
c= 2i¢x0" N 
elie m* 
ZL 
Pov waty at 15.6 °C 
a Ei 2.15 x10" a) 
(4979 Sf? 2 s 
pe Rg. "1. 
“ sz 
For steel 


Cc = 5300 mm which is vauch higher thah the 
ial speed of Sound in waler- 


Fr air at IS6‘C we get hrm Table B.4 
C = 540.4 mf 


Ts 

The least Compressible material stee/, mvelves the lawgest speed of 
sound. The most compressible ma fer jal, an yavo/ves fhe Smallest eed 
of Sound. This matches auv jntui tien- 


fle 1Z 


11.17 Using information provided in Table C.1, develop a table 
of speed of sound in ft/s as a function of elevation for U.S. 
standard atmosphere. 


We can use &]. 11-36 fo determine the speed of sound wm U.S. 

standarad Atmosphere at the elevations Mskd in Table C./. Tus, 
c= VRTR 

We use R= /76 on and = 1.40 tram Table !-7. For absalufe 

temperature we add ¥60°R to °F. Foy a/thde = - S000 tt 


é 6 4.16 C5 38.84 °R )(0-¥0 ) 


oheg. / lb 
ff 


For all elevations , the Same procedure shown above was used. 
The results ave: 


We LF 
Pi 


altitude Cc 
a a 
~5000 1136 
O 907 7 
5000 1097 
10,000 1078 
15,000 1058 
zg 000 1037 
25,000 /016 J 
70,000 995 
35,000 973 
40,000 968 
45,000 468 
50,000 9% @ 
60,000 962 
70,000 Q7t 
0,000 973 
70,000 934 
/00,000 as I 
/§0,000 1073 
200, 000 1/028 
250, 000 Ge4 


1-13 


11.18 Using information provided in Table 
C.2, develop a table of speed of sound in m/s as 
a function of elevation for U.S. standard atmo- 


sphere. 


We Can Use £g. /1-36 70 detrrmine the speed of Sound in U.S. 
standard atmosphere at the elevations listed ih Table C.2. Thus, 


C=((RTR 
We use R= 296.9 2 and & = 1.40 trom Table 18. fo absoluk 
Temperature we cl 273K to °C. For altitude =-1000m , 


C= 286.9 a 5K )(1-40) 


Ce 2 ) 


For all elevations, the ane. procedure was used. The vesult are: 


= 344 
Si 


altitude E 
m m/s 

- /000 344 
O 340 

/000 336 
2000 3Az 
3000 $23 
4000 324 
5000 320 
6000 316 
7000 312 
%000 30f 

F 000 304 
10,000 299 
15,000 is 
20,000 2495 
25 000 298 
30, 900 20% 
40,000 317 
50, 000 330 
60, 000 71S 
70,000 a, 
%0, 000 zee 


H~14- 


11.19 Determine the Mach number of a car 
moving in standard air at a speed of (a) 25 mph, 
(b) 5S mph, and (c) 100 mph. 


The Mach number is the ratio of socal velocity to speed of sound 


lov standard air 


é« ere ie (716 Ft te ) 4 R)G4#) 2 7 


Flag. ” 


al (3600 = 
ft Ar 

Cc = (7 es es = 16 LG mph 
hy 


(ior V= 25 mph 
Ma = aS 
161.6 mph 

(For y= mph 
761.6 mph 

©Fr V= soo mph 


Ma =< (00 ™p4 
761.6 mph 


N-15" 


Wh 23 | instantaneous focation A 


of the pomt 


11.23 Ata given instant of time, two of the 
pressure waves, each moving at the speed of sound, 
emitted by a point source moving with constant 
velocity in a fluid at rest are shown in Fig. P11.23 
Determine the Mach number involved and indi- 
cate with a sketch the instantaneous location of 
the point source. 


0.15m 


te FIGURE P11.2 
The Mach number associated with the ‘mofion of the 


pomt Source mvolved m the sketch above /s easily absamned 
With Eg. 1239 as Shown below. 
M@= —- 
Sin 0 
From the sketrh above we nok that 


S11 = . Sm 
015m +f 


Thus 
6.tim)(0.15m+2) = Olmpd 


f= (0. 01 (0.15 m) = C0/67m 
(0.09m) = 


0.01 m 


SNe = 0594 


0.0/67m 
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11.24 Ata given instant of time, two of the 
pressure waves, each moving at the speed of sound, 
emitted by a point source moving with constant 
velocity in a fluid at rest are shown in Fig. P11.24. 2 in. =C(4-4,) 
Determine the Mach number involved and indi- 


cate with a sketch the instantaneous location of 
the point source. A 
5 in. 
Vé 


FIGURE P11.24 


7o defermme the Mach, number Ma, we use 


Ma = Vtwave 7) 
CC wave 
However, from the skefeh above we have 
CCC -tyave ) = 2ins = et = 0,50 = (Om: -—<¢ 


TAUS , 
lO Mm. -2in. = Bi. 


0625 10m) a 625 in 
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11.25 Sound waves are very small amplitude pressure pulses that 
travel at the “speed of sound.” Do very large amplitude waves 
such as a blast wave caused by an explosion (see Video V11.7) 
travel less than, equal to, or greater than the speed of sound? 
Explain. 


The speed of Sound +s the speed atl whieh av 


Intini tesimal pressure. disturbance travels th vOugh 
a fluid and it represents the minimum speed 
of this disttrblance. Finite pressure Aisturbances 
travel faster than sound waves ecause the 
larger pressure difference acts as a driver of 
facter movement. 


11.26 How would you estimate the distance between you and an 
approaching storm front involving lightning and thunder? 


One way to estimate the distance between you 
and approa ching storm clouds, x , +s to coun? 
the humber of seconds, t, between Seeing /he 
fightmag and Tiaras thunder. Using an 
approximate value of the speed of Sound, 
1,45 ft (‘see Table 8.2) we Can Gfprox | male 
distance, x trom 


K = (ues & Ye) 


//-/8 


1.27 


11.27 If a person inhales helium and then talks, his or her voice 
sounds like “Donald Duck.’’ Explain why this happens. 


The speed of Sound in belium /s nearly three Ames the. 
speed of sound in air. 


11.28 If a high-performance aircraft is able to cruise at a Mach 
number of 3.0 at an altitude of 80,000 ft, how fast is this in (a) mph, 


(b) ft/s, (c) m/s? 


(6) With Eg. 11.46 
V= (Ma J 2 


Ane at G0,000 fF In 
tom the solution of problem 


U.S. standard atmosphere, we have 
/1.16 


C= 97¢ ft 
S 


Thus 
f#)=s 2930 tt 
VY (3.0 ) (978 > y 


(a) Ther 


y 
* “(S20 ft 


ay 


600 5. 
(2.930 af (360 ae = 2000 mph 


(a) Also 
y= (29730 & ) (0.30%8 = 573 


aad 
Ss 


W-19 


11.29 At the seashore, you observe a high- 
speed aircraft moving overhead at an elevation 
of 10,000 ft. You hear the plane 8 s after it passes 
directly overhead. Using a nominal air temper- 
ature of 40 °F, estimate the Mach number and 
speed of the aircraft. 


+ = V 0) 
Sita (a 


tang = 2 
Vt 
Com bing Eqs. land 2 we fain 
sin & Z2smn* 
Cos x 


= 10% tt 
S§ 


cos. (s0% #85) | Aes ae 
(joo0 ft) 


/ 

nee Sin 287° 
Fuy ther tt 
y= (ape = (2.08)(1% ) = 2278 & 


N-2O0 


11.30 Explain how you could vary the Mach number but 
not the Reynolds number in air flow past a sphere. For a con- 
stant Reynolds number of 300,000, estimate how much the drag 
coefficient will increase as the Mach number is increased from 
0.3 to 1.0. 


Considering air as an ideal gas, we can express the Mach number 
Ma, as 

Ma = v = C1) 

c  OYRTR 

The Reynolds number | Re, 1S 

Re = ed = PVd (2) 

HA RT yp 
Looking at @quations javd 2 we veason that we an Vary 
Ma while holding Re constant by varyng V and P only 
With pV held costant- 


From the ovaph below we conclude thot at Re= 3x10° 
the draq coefficient incases from 0,47 100.75 at Ma 
increases fram 0.3 +0 1,0. 


FIGURE 11.2 The variation of 
the drag coefficient of a sphere 
with Reynolds number and 

9 Mach number. (Adapted from 
Fig. 1.8 in Ref. 1 of Chapter 9) 


H-Z/ 
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11.33 Starting with the enthalpy form of the energy equation (Eq. 
5.69), show that for isentropic flows, the stagnation temperature 
remains constant. Why is this important? 


Starting With £3. 5.69 We have 


in 


2 2 , ‘ 
E Vv v V r= ‘ . - / 
me se a ae Vin 2 ey Lin IE oat shatt 


in het In 
For isentropic tlry the En trop remains Conthmt 
and Gre? O. Stagnatje. enthalpy is defined 95 
2 hee 
2 
So , fur negl's, ble chance wn eleva her, (okey Sor gests) 
and ho sheft work, W) ,. , then 
Vv 


ho YOnains constant | 


and since tor an ideal gas enthalpy is a tanehon 
of temperature only we conclde that constant 
h, means constaht stagnation temperature i. 


This constant stagnation temperature provides us with 


G Convenient reference property at every location in 
a specific isentropic tow. 


Mr2z 


11.34 Explain how fluid pressure varies with 
cross section area change for the isentropic flow 
of an ideal gas when the flow is (a) subsonic; (b) 
supersonic. 


With the help of Eg. 1).47 we can Comment on how premure Varies 
With Grea change In an Isentrep'c How. From Eg. 1.47 we oblain 
dp = ev- dA (/) 
C= MG 2 ) A 
(a) Foy subsonic How, g./ Suggests that Changes of p Solow 
Changes of A. If A mereases, p prcreases and vice versa. 


(b) For supersonic How, &./ suggest that changes Of p ave oppsité 
70 changes of A. If A increases, P decreases and vice véKiAa. 


11,35 For any ideal gas, prove that the slope of constant pres- 
Sure lines On a temperature—entropy diagram is positive and 
that higher pressure lines are above lower pressure lines. Why 
is this important? 


From the second Teds eguation “a &9.//./8) we note that tor @& consfout 
pressuve line 


dh 


ds 
and sincee fy an /dea/ gas €G . 1-7 /$ yvald, we have 


dk x c, aT 
and thus 


(1) 


With &g./} we conclude that the slope of a Constant pressure sine on 
a temperature - Cntropy diagram is positive - 
Further, tron Eg. 1.24 we conclude frat 
(R 
US = Te <7) 


F, A : 
tor any (isentropic process ana thus higher press eve lines ave abue 


lower pressure hnes om Fempeyateine - ontrooy oliagrarts. Bus twhormation 15 
4- ST 


im portant cause i¥ enables us te ske diagrams Covvectty- 
I-23 


11.36 Air flows steadily and isentropically from standard 
atmospheric conditions to a receiver pipe through a converging 
duct. The cross-sectional area of the throat of the converging 
duct is 0.05 ft?. Determine the mass flowrate through the duct if 
the receiver pressure is (a) 10 psia, (b) 5 psia. Sketch tempera- 
ture —entropy diagrams for situations (a) and (b). Verify results 
obtained with values from the appropriate graph in Appendix D 
with calculations involving ideal gas equations. Is condensation 
of water vapour a concem? Explain. 


This problem is semilar to Example 1.5 
The mass Howvate is obtained at rhe throat with &g . It Yo. Thus, 


(1) 


iB Ay, am 
The throat density be alae with Eg. 41.60. thus, 


eae Par 
4,74 [ it (x1) ma" “| (2) 
To determine the throat Mach number we use &. 1:59, Trus, 


(2) [(2)® «} g 


The critical throat pressure 1s obtamed with ©4./1-61. Thus, 
Lt 


Wms 
oe) = 7-76 PSIG 


If the vece\ver pyressufe, P , is ane Than or egual to re 
4 re ) 4 ? 
then Ps P ard the #low is not choked. ei P 
th re re 
then p = pt and the tlw is choked. 
th HL, 


The velocity at the throat /s oblained w/b Eggs. (1:36 and 1.40 
Combsned to yield 


- (# 
4, = May [RA 


where 7 1§ Obteined witt €9. "56 . Thus , 
7, 


; + (Ema, 
(con't 


Rs 
= ~ 
4,7 


H- 24 


1.36 | (con't) 


Fo = } > ¥ rA/ y = . 
(a) s a 10 psia E 6 psia | F lO psia and we use &.3 72) 


Calculate. the throak Mach sees Thus, 


fo~! 
Ma ee (23 14-7 PSia — i 
th 1.40 -| 10 psia a if eae 


From Eg.2 we obra in 1 
L4Yo-/ 


/ 
= (2.35 x10" af - 
= 1.907xI0 she 
$73 I+ (t-40-!) 00,7429)” —~ 
(7 z ) ) f7+3 
From Eg. 5 we get 
ar s17-°R ° 
= 7 = ¥64.9'°R 
/ + (1 !) 00.7628 ) 
and with €&g. ¥ 
a Stag. % 7 = $06.2 ft 
Sug, # ) : 
sz 


W} thr Eg. / we obfain 


m= (1.807 x10 thy (0.05 # *) (906.2 &) = 6.0728 int 


Alternatvely ,° using Fig. DI with 


Ve 10 psi m zZ- lom 
FP, 17.7 pyre 
The value of Ma, /s 
Mq <= 0-7 
th 
For May = 0.76, we get trom Fig. D. 1 


Z = 06% JZ =00.9 Ase) = 467 ® 
Then with €4. ¥ 


Ye Pz 176 ne . ee 
tt, (! DCW T 2? - 505 # 
e sige) = 


%. 
(con't 
M-25 


— J 17H ‘be ) 
m -=(0.0723 De e 


(con't) 


lor Ma, = 0.16 we get tom Fig. Qi! 


-? -7 
= 0.760 = (0.7 px 4 )= 79 xi She 
& fey = (0.%  )(2.3P x0 x) clus 


t7? 
Now, with, Eg./ we obtain 
: ~? Shu 
m = (18 x 59) 0,08 fe (FOS fH) = 0.076 “YG _ 244 bom 
(2 psig 1 5 7 7a Se ss 


¥ 
a) leg fli “SP = 22 pila Pe 776 pie ant Maa £0 From 2 


? 
-? = 
2+ (2:38 x00 slug ) ; fon ; 
fh? ; +(140=!) = 1.509x10 Flug 
2 ft? 


Fron £g.5 we obtain 


t= eee a 72.5 2 
th lt gers 
= 
ana uth 6g. 4 
V = 
th = /019 ft 
S 
With &]-1 we obten 
3 
ho = [1-509 X10 1h9 )(0.05 44° )([019 #) = 0.0769 shy 27 tom 
#4? = ———— 5s — > 
Alternately , - Fig. At tev Ma = 1.0 


I, = (6.83 )isiR)= #1 %® 


and 


a ay : 
f= (0.64 ) (238k MG ) = 152 x1 ” shes 
tA : 422? ae, 


#4? 
Then wilt Eg. “e 
Vy = 1714 tt. 
yi = 1. ( ° 
Slug. so lead aa Se = /020 vy 

Slug. ft 

se 

(con't ) 


M~ 26 7 


find wilh Eg. ) we obtain 


23 
th = 11.52.x10 =) o.0k tt? )10z0f) = 2078 shear - 
fsa es y Veer we yle0ts) = 2078 § 


Condensation of water vapour is a topic that deserves Hurther 
Study and discussjon. 


11.37 Determine the static pressure to stagnation pressure ra- 
tio associated with the following motion in standard air: (a) a 
runner moving at the rate of 10 mph, (b) a cyclist moving at 
the rate of 40 mph, (c) a car moving at the rate of 65 mph, 
(d) an airplane moving at the rate of SOO mph. 


With a value of Mach pumber Calculated with 

Ma = Vv 
We Can Sa eink 

7-3 : 

A with B eas 7 Gs g-1) Ma* 
For c we use for parts a,b andc 

C = = [(/706 ft-lb 

RTR Sug, ) (519 "2 Uo » 
ee 
slug, @) 


Fs - 


or 
¢ = (7 of) ae st 
(See #2 761.6 mph 
(@) For V= /omph sal 


Ma = _/Omph i parse 
1616 mph 


and 


(4) Fa v= tom 
Ma= YOmh -= 00825 
— 
aud 3.6 


/ 
x ——————c+ = ¢ oe? 
. [ i+ at 198 
(c) Fr Ve 65 mph 


Ma = esnrt Ses BPISY 
“ 


= 0.9949 


- e 1+ 9, el 


at 
a ‘Li i tyson | Foes 2)(0-0/31 


(/) 
(11-59) 


= 17 tt 
JS 


N~ 29 


ar 
3 


(d) Fov airplane we assume a horminal altitude of 30,000 fF. 


Sid Table C.| we note a Cowes ponding temperature of - Y7283 F 
nd a) 


oe (a aS CC47.93 + HO YR1(1-4) 
slug R 7_!b 
J C shag, fF ) 
g2 
C= 79S f+ 
. 3 


c= (995 ¢ eres a = 679 mph 
(S260 a 


mph 
Sry’. a7? 


678 mph 
sf 


/ 
- [- Ane aaeeee Ber” 
/ 40-2 (9:738)° 


fl- 29 


11.38 The static pressure to stagnation pressure ratio at a point in 
a gas flow field is measured with a Pitot-static probe as being equal 
to 0.6. The stagnation temperature of the gas is 20°C. Determine 
the flow speed in m/s and the Mach number if the gas is air. What 
error would be associated with assuming that the flow is incom- 
pressible? 


To determine the thw speed and Mach number having been given 
the static pressure to stagnahon pressure ratio, FP ) and 

« . 4a 
Stegnation temperature , Je for air we enter fig. Dib! with 
the given value of aa and yead the 

Corvespondyig ae of Ma. shus Ww 1h, f= = 0.6, the 


corresponding value i Fig. QO! is 


For Ma = 0.89, Frg. D.1 gives 


L . 0.86 
7a 
and thes 


Tr ‘. = (0.86 J)(293K) > 252 K 


Then 
Y= (Ma)c = Ma |/RTk = 089 [( 286.9 Nm\(252 kK\i4 
e (- 29. re ad 
or “to.2) 
y= 293 m 


Inspection of Fig. 3-24 suggests that ty this Mach number 


level, the erroy associated with assuming that the thw 
is tn compressible Woulel be unacceptably large. 


//- 30 


11.39% The stagnation pressure and tempera- 
ture of air flowing past a probe are 120 kPa (abs) 
and 100 °C, respectively. The air pressure is 80 
kPa (abs). Determine the air speed and Mach 
number considering the flow to be (a) incom- 
pressible; (b) compressible. 


(a) Assuming incompressible thaw we use bernoul/is efuation (3.7) 
tp connect the stthe and Stagnation states and ger 


V= zZ (Zz, -P) 
fo 
With the idea/ Gas eguaton of sak C Eg.4) we obhin 
= f 
(4) RL 
ana combining £35. (and 2 we obsain 


(1) 


(2) 


Y= 2(R-P) RT, 
A 


2 [120% Ra (abs) — 80 ®/a(abs)] (286.9 Ween amt 873k) 
[/20 era) (4 NJ = 


Ps 


= 27 


Mach number we need 
- V (3) 


| RTR 


7o determme T we use the esuation of matron (&y./-H4) 10 cblain 


p> Bm EOE)  sran — Car F jie) (15, ) 


ZRR B(DAY reece ee 
WF = Sa7-SK “se 


ls B4 


Con't ) 


With &3:-3 we obtain 


m™” 


Ma = “7s 0.725 
(286.7 Wm Me gia 4) 
29.K 


55 


(6) For compressible tlw 


P 80 klalabs) 
ze = sold = :«OC02=7LET/ 
@ /20 kha (abs) 
and trom Fig. Du] we bead 
Ma = 0.78 


Abo fam Fig. D:/ we vead 


ZT = 0.849 

To 
and thus 

7 =(0.69 )(3737K) = 332 EK 
Thus , 


V= Mal/RTR =(.78) 332 K)1-4) 
ty. K e It. 


kg, 20 


Ss? 


352 


p40 | 


11.40 The stagnation pressure indicated by a 
Pitot tube mounted on an airplane in flight is 45 
kPa (abs). If the aircraft is cruising in standard 
atmosphere at an altitude of 10,000 m, determine 
the speed and Mach number involved. 


For 10,000 m standard atmosphere we ger trom Table C.2 


26.50 kia Cabs) 


P = 
and 
7, 2 223/86 
Thus 
PR. 26.50 kh labs) _ on 69 
fo 4S bn (46s) 


ana from Fig. D.4 we read 


Thus 
Y= (Maye = Mal/RTR =(04 ) per ees 


yd I 
ns 
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*11.42 An ideal gas enters subsonically and flows isentropically 
through a choked converging—diverging duct having a circular 
cross-sectional area A that varies with axial distance from the 
throat, x, according to the formula 


A = Of +a 


where A is in square feet and x is in feet. For this flow situation, 
sketch the side view of the duct and graph the variation of Mach 
number, static temperature to stagnation temperature ratio, T/T, 
and static pressure to stagnation pressure ratio, p/po, through the 
duct from x = —0.6ft to x = +0.6 ft. Also show the possible 
fluid states at x = —0.6 ft, 0ft, and +0.6 ft using temperature — 
entropy coordinates. Consider the gas as being helium (use 
0.051 = Ma = 5.193). Sketch on your pressure variation graph 
the nonisentropic paths that would occur with over- and under- 
expanded duct exit flows (see Video V11.6) and explain when 
they will occur. When will isentropic supersonic duct exit flow 


This is like Example 1.8. cou 
S ince 


: (1) 
r : 
-1 > we can determme r Values corresponding to values of 
are Summarized in the graph and tables 
choked, 


= 01 ft 


= i+ X @) 
A* 0.1 
With 6&2 we car determine AL values cove sponding to Values of x. 


F’ 
These A yalues ave tabulated 
A*® 
For helium we enter progran IS EN TROP with h=/166 and with 


Ma values within te range specified tn the problem statement and 
Obtain values of S (3.0.71), x (€9. 2), Z (64.16) and 
o 


£ (e159). These values are tabulakx and graphed on 
pages that fo/low. 


(con't ) 


es ISEN TROP with R= 1.66 


a 7) ne a cia sae 
a — t Z 
At ae te f State. 
o 


subsdnic solution 


11.00 0.99914 0.99797 Ae 


0.0 76 7.93 t0.80 0.99809 0.99522 
thes 462 + 0.60 0.99503 0.98755 
. 2.61 £0.40 0.98385 0.95989 
0.460 [1.40 70.20 0.93473 0.94336 
/,00 1.00 O 0.75188 0.489 08 b 


Supersonic Solution 


L855 1.40 0.20 0.46827 0. 14833 
2.778 2.60 0.40 6.28195 0. O44 
3.647 4.60 0.60 0.18556 0, 01446 
44¥¢ 740 0.80 0.13282 0.00624 


5.193 ; 0.j01l0Z 0.00313 


Vapiste of ee —- 7 Pee 


N- 35 


(con't ) 


1-42. 


rah» 


Variation of static demperature sf staqnatian temperature 


tor helium 


of static pvessure to stagnahon pressure ratio 


Srv helium 


Variation 


(con't) 


N- 36 


42 | (con't) 
| : 


Temperature entropy diagram ty helium 


(con't ) 
N-34 
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(Cton’t) 


Over- and under-expanded duct exit flows will occur on 
approximate paths sketched on the magnified pressure variation 
graph below when the ambient pressure of the surroundings into 
which the duct 1s discharging is respectively greater than and less 
than the flowing fluid pressure at the duct exit. This illustrates how 
the flow adjusts to these pressure differences through oblique 
shock waves that involve irreversible and thus non-isentropic 
flows. When these two pressures are equal, the flow 1s “ideally 
expanded” and the flow into the immediate surroundings 1s nearly 
isentropic. 


over-expanded 
ie ly-expa n ded 
: under. @¥parded 
0 
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*11.43 An ideal gas enters supersonically and flows isentropi- 
cally through the choked converging—diverging duct described 
in Problem 11.42. Graph the variation of Ma, T/T, and p/P) 
from the entrance to the exit sections of the duct for helium 
(use 0.051 = Ma = 5.193). Show the possible fluid states at 
x= —-0.6ft,0ft, and +0.6ft using temperature—entropy 
coordinates. Sketch on your pressure variation graph the nonisen- 
tropic paths that would occur with over- and underexpanded duct 
exit flows (see Video V11.6) and explain when they will occur. 
When will isentropic supersonic duct exit flow occur? 


This is Similay to Example 1.9. 

This problem involves the duet of froblem i . However the 
flow enters suypersonically. We can use values trom the tables 
of problem Ii with 4 little vearrangement to account for the 
Supersonic enteving tow. 


Foy helium we have 
From Provan ISENTROP with R= 1.66 


a he &G.2 of lu. ———— 
Ma A ap°)COtC*E 
A* 0 
supersonic Solution 
-1.00 0. }0102 0.00313 
— 0.80 0.13282 0.00624 
- 0.60 0.18556 0.01446 
- 0.40 0.28145 0.044! 
-0.20 0.46327 0.14833 
fe) 0.75188 0.48803 
0:20 0.46327 0.14833 
o-40 0.2819S 0.04784! 
0.60 0.16556 o- 01446 
0.80 0.13282 0.00624 
}.00 0.10lo ev 0.00313 


stale 


P 
B 


Subsonic Solutiory 


0.20 0. 93473 0.94396 
0.40 0.98385 0-95989 
0.60 0.99503 0-98 755 
0.30 0:99.38 04 0.99522 
1.00 9.99NY 0.99784 


(Con't ) 
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11.43 | (con't) 


| i a | 
heh | EEE er 
ne am ~ } ila 
tH na ie seeaae rey || ‘eal 


Cr ab = + eee a 2 at a6 Re ie eld 
PPE PPEEEEEEEH Eee ee Pare EELEEST EDP LELED 


Variation of Mach number fv helium 


is PPL coe =D. 
Verielion of Static demperahare t he he jessmove Yatio 
fov helium 


(con'}) 
I~ 40 


| 


rrr ise 


diagram tn helium 


O 


[23 


Variation of static pressure to stagnation pressure ratio 


foy helium 


(con't) 


Fi 


‘sia 


(con't) 


Over- and under-expanded duct exit flows will occur on 
approximate paths sketched on the magnified pressure variation 
graph below when the ambient pressure of the surroundings into 
which the duct is discharging is respectively greater than and less 
than the flowing fluid pressure at the duct exit.This illustrates how 
the flow adjusts to these pressure differences through oblique 
shock waves that involve irreversible and thus non-isentropic 
flows. When these two pressures are equal, the flow is “ideally 
expanded” and the flow into the immediate surroundings is nearly 
isentropic. 


over-expanded 
ee ee ly-expa nded 
under. expanded 
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11.44 An ideal gas flows subsonically and isentropically through 
the converging—diverging duct described in Problem 11.42. Graph 
the variation of Ma, T/T, and p/po from the entrance to the exit 
sections of the duct for air. The value of p/po is 0.6708 at x = 0 ft. 
Sketch important states on a T-s diagram. 


This is like Example il.10- 
, 5 * . 
Since £ = 0.6708 at x=0O is qvreater than E = 0.5283 for air 


the air Flow through the converging- diverging 


duct §5 not choked. Puy values of me ar dsffeven? values of x we 


obtain covvesponding values of Ma, = Saw 
(a) Foy alr we enter Fig, Bd with values of 
and £ . For A* we use 


o 


A* 


» 
AR 
av) x 
evaluated at X=0 wheye A=01 ft. We dekrmine A 
Fiq.D.t For the subsome flow value of e 


oe 


We then dekrmine the £ variation throvigh the duct witt 


AL tot © roy (1) 
AF A* 0.095 


Ihe cov responding values of A ; Ma, Land £ tm 
: A* %o B 
Fig.D.t ave also tabulated on the next page. ° 


TS 


Cont) 
Fig. D.1 


With &.t From 
x (f+) 4, Ma z P state 
Te 4 
-1,0 1.6 0.05 0.99 0.99 a 
-0.8 18 0.08 0.99 0.99 
-0.6 4.8 0.12 0.99 0.9% 
-0.4 2.7 0.22 0.99 0.966 
-0.2 LS 0.44 0.96 0.87 
0 1.0 0.78 0.39 0.66 b 
0.2 15 6-44 0.96 0.37 
0.4 25 0.22 0.99 0.46 
0.6 43 0.42 0.99 0.99 
0.8 7.8 0.08 0.99 0.99 
1.0 11.6 0.05 0-99 0.99 - 


0.6 
rt 


| “da (de -olet soa} [ie] |e 
al el | | | | | | i i al | x(t) | 
} | Bi E i { | L l 
Variation of Mach number fy atr 


‘dito tg tale al teal ig ae oy 
EEEECEEEEECE EEE REECE GRRE EE nee | 
Variatron of Sstatve temperatire to stagnafien temperdture ratio 
hy air 

(con't) 
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‘ 
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i 
be 
3 
X, 
g 
4 
_ 
if 
i‘ 
. 
Q 
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$ 
; 
SS 
N 
Ss 
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~ 
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diagram ter air 
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11.45 An ideal gas is to flow isentropically from a large tank 
where the air is maintained at a temperature and pressure of 59 °F 
and 80 psiato standard atmospheric discharge conditions, Describe 
in general terms the kind of duct involved and determine the duct 
exit Mach number and velocity in ft/s if the gas is air. 


To determine the duct exit Mach numeer , Ma 
Eg. 11-59 or fw air, FI9, Di. Thus, 


Ma 


exit 


exit ? we use 


Ov fw alr 
> ; Value aS func hi of 
Ma, Fig. D.) “Alu a funchon 


Jo determine exit velocing | Veit , We Use 


Vexrp ‘ (Mag eip Ds 


. exit 
where 
7o 


Texit i (Ema, 


or tf air 
= 7 (Tens ; 

ae o F Value fram Fig. 0.) Lee i 

14.7 psia 


= 0.183§ 
Go p sia. 


Fig. Det, the Corresponding values are 


z O62 


N- 46 


“45 | (con’t) 


Then with Eg. 5 we obmin 


TZ, = 19'R) (064 ) = 322% 
Cxit 


and wilh Eg: 3 we Cunclide that 


Vergy = tk) / (176 — piece: aS = /'5$0 tt 
Slug. “R (= )* e 
Slug. ) 


A converging -Aiverging Nozzle is régusred because (he ¢x/t 
Flow is SUPEVSORIC. 


HM-4F 


/ 1.46 11.46 An ideal gas flows isentropically through a converging— 
diverging nozzle. At a section in the converging portion of the noz- 
zle, A, = 0.1 m*, p; = 600 kPa(abs), T, = 20°C, and Ma, = 0.6. 
For section (2) in the diverging part of the nozzle, determine A2, p>, 
and T, if Ma, = 3.0 and the gas is air. 


To determine A, we use &%.0.71 or for air, Fig. ree Tus, 
+! 


a) af [. it (%!) Ma ei 
A* Ma tthe 
A, = A, ——_ | = A, Lt (het ) i, (1) 
A, = 1+ (Act) Ma?) 2-1) 
a) Oe 

tt fet) 
(Fig. De/ value of ps for Ma, ) 


4.3 & es 


(Fig. D.1 value oF A for Ma, 
To determae FR we use sy 59 or say ts Fr9- D.|. Thas, 


ee 
: [7 # At) aa 
ov for air, 
P = P - D. / Value of Fe for oe (4) 
2 f] 


CFIYQ Dsl value of Fi for Me, ) 
To determine 7, we use &%. MU. SE or ter air, Fig. D-/, Thus, 


OB). [lope 


Ge" Tras] 


(5) 


Or for air 
nse T (Fie. DJ value of > fw tl (6) 
BS i ee 
63.2 leads + (Fig D.{ value of ; for mMa,) 
A, = (01m?) 2 9 = O86 w* 
£q.4 leads to (42 ) 
‘ ( :; 
= [ 600 khe(abs)] — = 23 kfelabs) 
0.7 — 
and &].6 gives 
y=Geznp @36_ 7 _ nse 
(093 ?) ee 


— a 
N47 
[47 | 
11.47 Upstream of the throat of an isentropic converging— 
diverging nozzle at section (1), V, = 150 m/s, p, = 100 kPa(abs), 
and 7, = 20 °C. If the discharge flow is supersonic and the throat 


area is 0.1 m’, determine the mass flowrate in kg/s for the flow 
of air. 


we. determine the Mach number at section(i) with 


— ie y, 
i (i) 
! 7; kh 
For the Gas wnvoWwed itis likely that Ma, is less than 1.0 


because vu 1s low. Thus, the flow at the Ttéroat 13s choked smte 
the ¢nlering How /s subson/e ana the leaving flow i's supersonic, For 
mass tlowvale we use Eg. U/. 40 +0 obfaw», 

e ¥ 

m= f? A* y* (2) 
For throat veltcity, V* we use 


P= /RT*k (3) 


To obtain Te we use Eg. 63. Thos, 

TG ‘Sa, (W 
or fer air , 

ad e. (value of frm FI9.0.1 fa Ma 246) (5) 


re) 


To detrmme T we use &g-U.56. Thus, 


et es 


(6) 
or for air 
~ 22% 
(Value of TF from Fig. p.1 for Ma, ) (7) 
(Céon't) 


iGO 


Rr* (2) 


we use EG. 4.61. Thus 


Z.2 
po sf (2-)*" @) 
or tor alr, 


x 
= Val f 
p P, (value 0 - 
For A we use Eg. U.S9. Thus 


R= pe [it FE) ong? | 
Oy for @1- 


P ae Fi9.D./ fr Ma =1.0) (0) 


P) 
& 
R-i 


P, 


lue of FB 
(Value of FE fm Fig. Dt for May) 


(Q) For air we use Eg.) to obtam 


Ma 
286.9 M™ (243 /< )/.4 


Thus the How js choked at Pa throat. Fren &. 7? we obtiir, for 
corresponding yale ta Fig.0.1 for Ma, = 0. 4% 
2 
a = Ss = 30S AK 
; CO.9% 7 
With EG. we obtain 


(305 k) (0.33733) = 254 & 


ee \(2s4 KN 4) 
(? fe 
ie) 


(Con't) 


M- FO 


(con't ) 


Fron €g.12 we Obtain with the help of Fig. 0.) 
100 ®la (abs 
pn Gee | os dei 
0.87 


Pee with &9./0 
pt = [U5 kfalebs) ] (0.52828) = 60.8 kfeCabs) 
Then with cg. & 


ee (60.8 xo” & ) 


a 


(256.9 Nm jax kK) 
GK 
r with t¢. 2 we 06fain 


m = 6.83 #1 )(a0m)(a0 


Finally 


H-5! 
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11.48 The flow blockage associated with the 
use of an intrusive probe can be important. De- 
termine the percentage increase in section veloc- 
itv corresponding to a0.5% reduction in flow area 
due to probe blockage for air flow if the section 
area is 1.0 m*, JT) = 20°C, and the unbiocked 
flow Mach numbers are (a) Ma = 0.2; (b) Ma = 
0.8: (c) Ma = 1.5; (d) Ma = 3.0. 


We want to ascertain 


V, — Vorb 
niles unblocked x 100 
Vise TadBiect 


To determme the unblocked avea velocity , Vtblocked > we use 


= R 
Vdd aT - ae C ) 
For ‘yall bicker tiie a ” 
r (Zt Fron EQ. N56 tu M r @) 
Ts abilackeel - ( q for a ere, ? pre 


70 dttrmmne the blodaad ave velotity , Ame ) we Uge 


Volockest ~ ee hs |) 3 wt (3) 


For MA, iockeat we use AWoled and Ccdekvrrire 
¥ 
MA biocked fron EF. 1. 77- 


Solupiorn, oF 
£4. 41-77 for Ma yy, a. tim Ablocked vegusres trial and error: 
At 


Jo determine A blocked we ser 
¥ 


Ableked _ 0,995 Aanblocked (4) 
A* A* 
We obtain Aunblocied frm Eq. {b2! wilt, the gNtn Value oF Ma ™ 
Ay | on 
Jo deleymine "bockes! Wwe use Eg. 11-56 Ye obfan 
ee “Gee (6) 
bi, ES —— ‘5 
OT! ) May pon 
(con? 


[le B2 


//.48 Con't) 


(a) For Maas 0.2 we cbhin with Egs2 and I-56 
"60d, 
he. = 9720 = , 
rbleckeg 7 2K) (O-H206) = 290.7K 
Then with €g- 7 we 4ave 
= M. 
“eee. = (0.2) (286.9 yy sai) Sai - cay tt 
We use &§.% and }}.7/ 4p get ae at 
Nblocked 
= So .9635) = 2.949 
ar a (GO, 195 J £2 yp 
ana wilh E3./1/-7/ we obtain 
Wi fh Eg- aw we gef 
- 277K bs 
plo chadt EE —— = 29066 


i se dee 0.201 . 
Wilh &%.3 we have # ue ) 


N.m 
Y,) = (201) (out 2 pe) = 6647 © 


and ea) 
(Vetscked ~ Vanbleded ) 5109 . Bi. ~ 64.34 2M. 0.v83-% 
biisedial 54.20 oar a 
(6) For Maz 0.8 we obtain with E452 ano 11-56 
Regen = (293k) (0.88652) _ 2598 K 


Then with &.7¢ we set 


Vantdociag = A et a )QS98KIU4) = 257-4 m 
Ss 


we use Egs¢ And 11.7/ Cage 
Ablocked ath 995 ) (193823) = /.03?2 
At 

Gna wilh Eg. tL7/ we obtam 

With &%. 2 we get 

= Ss = 259.8 K 


THE Hate. 3) 
(con’é ) 


N~S32 


44) ocked 


[ge | (@n't) 


With &. 3 we have 


= (0.3) 96.9 NO (26327 k 1. = 22.)™ 
Vs tocheae (0.8/3) [/ 2 ah eel pigs 


and 45. = 
(Ve, = A ede Ny 106 = bay 2 - 258.4 2 ) (100) = 143 3% 
ta. (258.4 2 er 


(C) For MazalhS we obtain with, &S.2 and 11.56 


loubiebed = (2934) (0.66465) = 202./& 


TAen with Eg./ we get 


E | (246.9 Ee 
VB igag tS (26. ot eee Gre. i a! ee os, Hobe 


F 
We use ©5534 and /1-7) do get ‘te m 
Eten = (0.995 Nti7n27 = LIF 
A 
And with €9. 11.7) we Obtry, 
M. = if. 47 
Nb locked ! / 
With &%.5 we get 
ocked eg sw Ly) 


Wi thr Eg. 3 we have 


(SOO a ai: // (286.9 — ee) ae SEN), 425.5 2 


‘ga) 


V, “5 
CVetocven ~ Yen blocted ) x 100 = C1265 ZF ~ 427.4 2 Yoo) _ - a ys, 
ane 127.4 £ 
Cd) For ma 3.0 we obtain wilh &F2 anol 11.56 


Tonblocked * “2IFK)CO35 74) = 104-64 
Then wilh G7. 1 we ger 


Vnslatay = (9) (2469 2 eee tine 8 


(con't) 


I> 54 


(Con't ) 


We use Eg ¢ andi/.7! 


A plocked = (0.995 )(4.2346) = 4.213 
Ar 
and with &g. U-71 we sbtam 


M =< 
gone 2.995 


With &4.5 we get 


F es 293 & 
blocked ee SO Te 


1+ (4-1) 72,995)” 
With &%.2 we hae ~ 


ly, = (2.995) (286.9 tr 


i =. 
and 4, 2) 


Mg pe _ Vfl ga) Xx(00 = (6149 2 - 614.9 @ Ni00) ay 0,0K3% 


(614.9 =m) 


—— 


Va blocked 


f= 55 


11.49 (See Fluids in the News article titled “Rocket nozzles,” Sec- 
won 11.4.2.) Comment on the practical limits of area ratio for the 
diverging portion of a converging—diverging nozzle designed to 
achieve supersonic exit flow. 


Fram Fig. D./ we see that the A /A* vs. Ma curve becowes 
Very steep with increasing values of Ma 0 very large increase in 
A/A* needet +o achieve even smal] gain s wn Ma /evel) 
Suggesting precttca/ lim(ts to qrea divergence rah 
rs achvnal devices. Fer exanyle , using E9. 1-7 , the 
ASA* divergence ratio needed A Ma=5 is 3¥50/ 


1-56 


wel | 


11.51 An ideal gas enters [section (1)] an insulated, constant cross- 
sectional area duct with the following properties: 


Po = 101 kPa(abs) 
Ma, = 0.2 


For Fanno flow, determine corresponding values of fluid tempera- 
ture and entropy change for various levels of pressure and plot the 
Fanno line if the gas is helium. 


This is Similar To Example /.//. For Fanno tlow of an 
ideal gas we use EG. 11.75 and 11.76 70 establish the 
Fauno sine states. Thus, 


re GT oy (i) 


— 2) 
S-5, 2 & /n(Z) - Rin (E ) (2) 


Aso 
For helum ,@=2 1.66 Gna R= “ae wm (Tablel?) and 2 S224 fae 
from Probie 1.1 G) . We ebsepeee’ “the constant Ne: oF 
Av by Calculahng Pp, with the ideal gas eguation of slak, (63.3) 
ana V, with &. 4. For 7, we ase Eg. 1.56 to obfain 
] 


r=_te es ae 
2 = 2 
ELE), +=! Yaz) 


Then, wilh Eg. 4% we sbfain 


ow é = n 
Y= 0.2 (2077 ai kK) (1-66) = (99.7 & 


hg. » 
Fov P, we ase 6G. 1.59 to ger s* 1.66 


166- 
= / 2-1 
A= a [EH maz] © Lio tates 66-1 Vo. J ili 


and with &9.2 we ebfain 


ow 
2 = (G7 72x10 %, = 0.fez7 * 


4077 a ” )689-2K) m3 
Thus is value oe be is 


ke 
627 * 199-7 2 F207 = 
= Osea) Bt UOTE) Fone) 


1-5 F 


con't) 


Eg. 1 becomes ty helruns 
a i 
29. = 293£ 


ees a ) L pe 


(2077 A wl 


ye Tr 
T+ 4.358x/0 FL = 293 (é) 


Pp? 
Where T is in K and p is im x 
7] 


Eg.2 becmes fv helium 


2 = = (S204 Nm 2 )m(t zc - (77 on ie! () 


277.26 
Where T GS th. £ ane P ey) Ra (abs). 


With Egs. 6 and 7 we comstuct the table of Values Shown below 


P [Rebs] T CK) gus. C 2) 
70 286 630 - 
60 Z93 90S 
50 279 1210 
40 273 1550 
30 260 1400 
ZS 250 2060 
zo 234 2179 
1s 225 Z200 
1S 207 Zits? 
/0 164 (923 
e 147 1650 


300 | 


200 
Tk) 
[60 
0 
0 500 000 1500 2000 
$-S, ( hem h-m 
gk K 


/4.$2 


11.52 For Fanno flow, prove that 
dV _ fk(Ma%/2)(dx/D) 
Vo 1 = Ma? 


and in so doing show that when the flow is sub- 
sonic, friction accelerates the fluid, and when the 
flow is supersonic, friction decelerates the fluid. 


Starting with &g. VW. 95 we have 


i (1+ % Ma?) dv?) ~ o (Ma?) t £R Ma? 2x - g Mt) 
v> Ma* a J D 


From €3.11,99 we have 


dima’) . = + (4:1) ma? | (2) 
Ma> y? = 
Combining Es, | and 2 we obfam 


L(i+#m*) aw" - [1+ (he!) ma / ios £4 Maids = 0 (3) 
or 


Pfotatic) LY ao £8 Ma? de 


i v2) 
and 
d(v*) _ Ma® £R dx (4) 
ve (Ma*1) 2) 
Nowe ver 
d(v7) = 2vav (5) 


Pus combining Eqs. 4 and 5S we ger 
dv. FEC NCE) 
, /- Mae (6) 
When the Flow is subsonic (Macs.0) | &y.é leads t iv = + Gnd fhus 
trichorn «cceltvaks the Shad. On fhe olhery hand when phe Mow 


js supersonic (Ma>lo), €7.6 leads fo YY = - ane wm this Case 
v 
frichon decelerafes the fluid. 


I- 59 
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11.53 Standard atmospheric air (J, = 59 °F, | the values of static temperature, static pressure, 
Po = 14.7 psia) is drawn steadily through a fric- | stagnation temperature, stagnation pressure. and 
tionless and adiabatic converging nozzle into an velocity at the inlet [section (1)] and exit [section 
adiabatic, constant cross section area duct. The (2)] of the constant area duct. Sketch a temper- 
duct is 10 ft long and has an inside diameter of ature-entropy diagram for this flow. 


0.5 ft. The average friction factor for the duct 
may be estimated as being equal to 0.03. What 
is the maximum mass flowrate in slugs/s through 
the duct? For this maximum flowrate determine 


This is Strmilav fo Example lr!2, AS explained im Examyle 1-12, 
the maximum #lowrar through the duct will occur when the 
Constant? aren duct chokes and the Mach number at the ouct 


exit L[sectton(2)] fs 1.0. The maximum Howrale can be obfaiied 


with ; 

m =A4,Y, =AALV; a) 
We note that T, is Constant throughout The ¢ntre flow Since 
the tlow is adiabatic. Thus, 7, , = Te = FF. Abo, P, is 


Constant in the converging “azz but decheases Farough the 
constant’ area Auct because Of frichon. Thus Pe ine “4.7 Psia- 
Fy choked tlw 


(ees! SO ewer PEG 


D 0.5 + D 
and from Fig9.P.2 


Wwe Can read values of Ma, 7; V, ? 
> Feo peo Band fy, Then 


72 7, Can be obfaineA wilt CF. HER Bice. a as Ee Thies, 


eee i * (GA; Jo) @ 432° « 1, 
Gnd y*= V, can be dehymined with 


PP | R7*e 


(17/6 £. oe. fb 432% 01-4) 1-4) 


CE, ) 


Slag. 


(con't) 


H- €0 


rf.§3 \. ~ €on't) 


> 
For £00414 0.6, from Fig. D2 we vead 
dD 


Ma, = 0O-S7 


= 4.73 


XIN 


0,6 


vv J.< 
* 
4 


(86 


v 


i Ap 


s /.22. 


ad 
* 


From €&%.2 we get 
2 (412 (4322) = 48B°R 
Witt E9.3 we dbfain 
= (0. +) = 6/2 ff 
(0.6 )(1020 ) us = 


With &%.5 we have 


aoe : 
4 % in s 14:7 PSia fila (2 Ps/a 
= 


Aiz2 /.22 


To determine p we Cnktr Fig, Ot with 


aua ea 
= (0.8 N47 psin) = 11 psia 


with, 65-4 we obtain 


geee”™ fo. = BIPe . 854 pil. 
1-86 186 
Wife Eo. / we have 
m =phu,= 2 UD*r = 


Pozinapsia RT, 4 

T,=579°R 

= TT= 433°R 

Re U8 psin “% . 
1 ‘em Re 6.34 psic = p* 
Fanno qR 
sketch 3 
(not a S<ale) 7 


= 432° = 7* 


I- 6} 


; 2 
M8 psia XU4¢ Eyer 6.544 Herr tt ) 
(176 ae ¢ ae 483%2 (4) 


C2) 


(3) 


C4 


CS) 


0.57 aud read 


/}. $4 


11.54 The upstream pressure of a Fanno flow venting to the at- 
| mosphere is increased until the flow chokes. What will happen to 
| the flowrate when the upstream pressure is further increased? 


Fanno tlw 


Combining we get 
. P Ma \/e{ T, R = Constnt 
pv —i 2 
i —_ | Ie heme 
It =a 


So ter any one axial locaton ot the Fires wheve The 


Ma level! is The Same 7, ts abo the same but 


p is higher. Thus QV is abe Aigher and we 
cmeluds that mereas ing the inlet Press ure of’ a choked Fanno 
firm ovte the atnstphere vetults im an increase of Finweate alte 


Following the proud of Example Uhl) ane ented 
plot a S€ries of Fanno /ines Sf dithered whes of 


WaCreaaed inkt pressure . 
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11.55 The duct in Problem 11.53 is shortened by 50%. The duct 
discharge pressure is maintained at the choked flow value determined 
in Problem 11.53. Determine the change in mass flowrate through 
the duct associated with the 50% reduction in length. The average 
friction factor remains constant at a value of 0.03. 


This is like Example II13, We guess that the shorttnéed duct 
will still choke ana check ur assumption by Comparing Pp, 
with p* Lf ATP a the tlow /s choked. Lf not, 
another assumpfhion must be made. For choked How wpe 
calculate the pass Howrate as we did m Example /1./2 
Ov ta ae solution Of problem 1.51. For unchoked flow, 
we must devise anofher Strategy, 

For choked flow 


Ff (4,-4) _ (0.03) (54) os fa-L) 


D Co.§ £7) Dd 
From F’9- 0.2 we read 


With Ma, = 9. 66, we enter Fig. D./ and read 


Thus 
2 =(0.75° (14.7 psia) a Fl Pore 
(Con'é) 


N- 62 


(con't) 


and with €%-3 we obiain 
s/- psa 


— = 6-88 [7510 
1.6 1-6 


Since 
Os =6-S9 [P5t4 > E, = 6.34 pole 
The flow jis choked a5 assumed. 


can be obtained wilt &g./1.63 smce 7, ts constant. Thus, 


= i = (2 earns ¥72°R = 7, 
Rr! 4F/ 


¥ 
Vio ¢an be dele mined wilt 


1716 ¥416 jee a (1-4) 


tr 
slug. % & /020 - 


Slug, 5) 


+ 2 2 
= 6.96 prin) (144 ) 3 LoS Ft)/i020 tt) 
ii — oh ## “Gy s 


singe NM F322) 


mass tlowrate IS 


4) Z 
= 0.268 243 _ og. 24 ate 
x /00 = Ss (700) - 18% 


bed 0.2 Hy 
The mass Hlorwvrak lcveased by G77, when fhe tube was 


Me bY 


11.56 If the same mass flowrate of air obtained in Problem 11.53 
is desired through the shortened duct of Problem 11.55, determine 


the back pressure, p,, required. Assume f remains constant at a 
value of 0.03. 


This is suemilar to Example /l.I4¢. Since the Same mass 


flowrate achieved m Problem 1-51 is desired with the shortened 


duct Of Problem 1153, we need te achieve the vate of Ma, 
Obtamed in Problem 1.5/. Thus, for the Same value of Ma, as ir 
Proview, 1.5/ we have 


FOLD = ae 
ra) 


lower, 


f(bt-Le) — FCPL) fF (a-4) 
D 


FLEES « 
oO 
Wi th FCLT-L) = 0.3 we ener Fig. D2 ana read 
oO 


4, 2 18 a 


The value of P* Jbtained tr Problem 11.53 is still valid, 50 
p* = 68 Psi 


ant wilh Ey./ we gct 


ho =(16 (6:29 psiad = “ psia 


H-65 


i-57 


11.57 _ Ifthe average friction factor of the duct 
of Example 11.12 is changed to (a) 0.01 or (b) 
0.03, determine the maximum mass flowrate of 
air through the duct associated with each new 
friction factor and compare with the maximum 
mass flowrate value of Example 11.12. 


(a) for f=0.0!1 we have 


ay ee _ (0.01)m) _ _— 
2a (./ mm) 
and Am Fig. 2.2 we read 


Ma, = 947 (1) 
hs 
Tt pies (2) 
UA 
ye = 6.73 
Fram Example 11.12 
7* = 240k 


and 
vt =. 3lo 2 
Ay 
/ 


Thus , with &g. 
7, =(11 ~ )(240K) = 264k 

and with Eq. 2 we obtain 
Y= (073 )(30 ™) = 226 @ 

To determine P. we enter Fig. D-/ with Ma, = 0.7 and réad 


ba 
e 


ae) 


Thus , 
P =(0.72 Coie (abs) = 72.7 kf (abs) 
To determye the mass flowrate we use 


=. 6.72 


in ephye BUOY 2 (2.70 Bi) eC AL I) «17 
eae RT, 74 } SC. Nam — 
T, L86.9 ak Fe HR ICH 
(Con't) 


11-.66 


11.597 (con't) 


Por f= 0.03 we have 


F(L*-L)  (0.03)(2) _ 06 
D 2 CO.4m) 
Onda on Fig. D.2 we vead 


Ma = 0O0.S7 
ho. 413 
7T* 
yt 
Thus, 
* > Gig Jews) = 271 
v= (0.6 WET Ze) = 186 


From Fig. D.1 we read for Mg, =057 


p= (0g [10 RPalats)] = 8) tea (abs) 
Jo determine m Wwe use 


Hy. ia ID,” V, = (a1 x10? X )% (0.1m) (186 = ) " 


RT, 4 ee ey 


4| a 


286.9 NM V2 
| ( 2% 271K ID 
The maximum (choked duct) Hovrates for different values of £ ave 


m = 1.70 a9 
£20.01 = 

m = 165 *9 
{= 0.02 > 

tn - hs 
F = 0.03 S 
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11.58 Air flows adiabatically between two sections in a constant dant p 
area pipe. At upstream section (1), po, = 100 psia, Ty, = 600 °R, Constan sir hess 
and Ma, = 0.5. At downstream section (2), the flow is choked. Es- i CINE 
timate the magnitude of the force per unit cross-sectional area ex- >> == ===> HS SS SS 
erted by the inside wall of the pipe on the fluid between sections 
(1) and (2). 


tlw trem (1) Fo (2) 


The control volume sketched above is used. Applying the Axial 
component of the sineay momentum eguation (9.5.22) to the 
contents of this contro! volume we get tor the force extrted by the 
pipe wall on the fluid, Rx, 
R, = BA-pA + m(v- 
Or 


a = | a ae PY (4-4) (t) 


Tous we weed Pp, 2,Vv, and v, 
(a) For air we enter Fig. D.1 with Ma,= 2.5 and get 


Lo. 0.95 
To 1 
and 
Po. 0.84 
fe, 
Thus A 
= (0.95 )(600'e) = 579°%R 
nl 
= (0.84 )(100psin) ~ 84 psia 
Ma, |/ O.5 716 Ftle aa. “ 
RT,k @.5) ( rt Gey) “(ey 535 tH 
Ge ¢) 
er (a4 psia \(i44 im -: deasee stag 


Rj, (1716 Fle ae ) 
slug, 4 


(con't ) 


11-68 


At sechon (2) the flow is Choked. Trus we use the * state of the 
Fanno thw, Fig. 0-2 ty sechon(2)- Entering Fig. 0-2 with Ma =0.5 


we read 
fAis2/4 = & 
Pr 
and 
Mi. o54 = \ 
y* V, 
Thus z / 
i Bee oe). my psia 
aed [2:04 4 
and 
a er 
O54 (os4 ) s 
Now wit Eg. 7 we have 
Rx =(84 psia.)(144 a 39-4 asia WIFE in? 
A (} ff* ) (: P. a )( ie ) 
+(0.0124 slug ) (595 £4 Voes ft_jogott)/) te 
and ( is é 5 fp 5 s Neg #) 
Re. 2930 16 
A ——s f#? 


M- 69 


11.59 Cite an example of an actual subsonic flow of practical im- 
portance that may be approximated with a Rayleigh flow. 


The thw throug 4 the combustor oha gas tur bsne 
engine (3 Sometimes approximated with a Kayleigh 
Slow. 


1-70 


H.60 | 


11.60 Standard atmospheric air [T = 288 K, 
Po = 101 kPa (abs)] is drawn steadily through an 
isentropic converging nozzle into a frictionless and 
diabatic (gq = 500 kJ/kg) constant cross section 
area duct. For maximum flow determine the val- 
ues of static temperature, static pressure, stag- 
nation temperature, stagnation pressure, and flow 
velocity at the inlet [section (1)] and exit [section 
(2)] of the constant area duct. Sketch a temper- 
ature—entropy diagram for this flow. 


For maximum flow, the Rayleigh tow is choked. lor the jsentnpic 


nozzle 
£6 - =e 


? 


B =p 101 RP a (abs ) 


7o determne the static state at the no53le exit, Rayleigh tow inet 


we need the value of Ma,. To dekrmne Ma we use 


hea ity, =i = ot%.* i.) 
(500 000 “@ 
ae. ae. saa ae 
(00% thn 
Ag. k& 
and noting that for choked flow , 7%, Fa we get 


2 


or 


7 2 & 
42 & 


bt . Tyr , 28% _ o37 
Jo2 Ta 736K 
/ 
With Ty: . 037 we enter F£19- 0.3 and read 
Io,a 
Ma. = 9-31 
in - 2./ 4) 
Pa 
Fn OFZ (3) 
Ta 


(cont) 


M- Fl 


M . 
i — (3) 
a 
fa, = 419 +4) 
fi 
With &g. 4 we Obtain 
a on: 101 Rla(abs) _ 84-9 Rha (abs) = p 
Oa 119 SL —————— 9,2 
. 1.19 
With Ma, = 0.31 we read from Fig9.D., 
Foes 0.94 (5) 
Re, 
ahd 
1, = 0.98 (6) 
t, 
With 95.5 and & we get 
P = (0.94 )l 101 RLa labs) | = 75 kPa (abs) (7) 


and 
7, =(O. 784 )(288K) 2 28ZK 

Thus 
v = Ma, JRTR S (0.31 ) (286.9 oe )G82K 1.4) = /04¥m (9) 


(? a, ; 
; és} 
Comb: ning Egs. land 7 we obfain Pr 
fa (ats 
ge te » = 4S khlabs) op 
Z/ {Zt 2 ee Tn 
Combining Eqs. Land & we have 
7 = al we “EEE? 8 ene ee 
0.¥2. Co“z +) 


Combining Eos. Zand FG we have 


am 
V, - ie es or cal = $207 = Vv. 
0.2 s 
0.2 —-= =— 
(cont ) 


Us 


aaa P 7 2 
oy 
5,-5, =(loo4 = (& a) ~ (286. 9 iz fad ee hhh (abs) 
Ag& GS RkrYa(abs) 
and 
5-5, = $090 Nm 
ho K 
B= 45 ftklabs) 
sketch of ——* 
Rayleigh line . = 
(not +0 scale ) ee ; 
Pad ’ 
wt 
f 
p=95 Ria (abs) 


N~FZ 


Tie 


11.61 Air enters a 0.5-ft inside diameter duct with p, = 20 psia, 
T, = 80 °F, and V, = 200 ft/s. What frictionless heat addition rate 
in Btu/s is necessary for an exit gas temperature 7, = 1500 °F? 
Determine p,, V2, and May, also. 


To determmne the heat transfer vate we use the energy eyuation 
(Eg. 5.67) +o get 


Gl net = ee One A,,) c mM Cp Cs ha, ) (1) 
in 
for mass flowrate we Use 
a = wo we (2 
m AA,Y, RT ie Y 4 
To determme (bm and ue we use Eg. 1.56. thus, 
a a 
To (3) 


/ +(4 €-/) Ma* 
or tor air 


Z = (Ma) jin Fig. D.! (4) 
é 
To determine Bowe use 


= Pa B 
A eee (5) 
Where with 9. 11.123 toy Rayleigh Flow 


Ae es oe 

Kh It RMa* (6) 
or ty air 

PL. f(ma) m Fig. 03 (7) 


Q 
For exit velocity ,V,, we use 


4 = Ma, \/ RT, k (8) 


We determine Ma with 


Ma = ie Mi 
a (ete ) 
" RT, (con't ) 4 


u- #4 


Ma, with 


and we derermme 


Ee (B)(2 ) 


and €3.1).)2¢ for Rayleigh How , namely 


a —= ] 
la /t & Ma? 
= f(Ma) On Fig. D3 
For ajy we determine Ma, with 9.9, Thus 
(200 @) 
= 0.19 


Ma = 
(1916 ft. Ib ng Oe se = 4) 


Flug. lag. R 


C- 
For Ma, =9.18 we yead Oh Fig. Dp. 


70.99 


o) 


sie SHOR . S452 


Ov 

: 0.99 

With Ma = 0/8 We read Th Fig- 6.3 the vanes 
Q 


= O17 


E. 225 


Thus with £3.10 we obtain 


he = oe | ae ) = 062 
2, S¥0R 


H- #5 


4.G2 | (con't ) 


For = 062 we get frm Fig. D.3 


a 


Then with &%.g we have 

R= opainyf = (196 ) = 17 pSia 
With €%.F we have 

Ke = (0.40) (1706 Be le Bee eet) QO-4) 


i Se 
aes fay. ft ) 
With & 2 we get se 


5 i? 2 f# 
(20 psia Wt a ) w (0.5#1) (200 F) 


(176 tH Ub (540%) (4) s 
pace, 


and wilh &g./ we obtain 


= 0./22 %tug 


G4 e? 
ty 


BIO Baan 


s 


= (0.122 sha )(e0e 74 ¢t. Me p Riis Sue 


slg. * "Rk 
(778 #4:l6 
Grr 


i- FE 


[ez | 


To 
en 


11.6 Air enters a length of constant cross 
section area pipe with p, =200 kPa (abs), 7, = 
500 K, and V, = 400 m/s. If 500 kJ/kg of energy 
is removed from the air by frictionless heat trans- 
fer between sections (1) and (2), determine p,. 
T,, and V,. Sketch a temperature—entropy dia- 
gram for the flow between sections (1) and (2). 


determyne the state of the air at sectton(z) we use the 
ergy eguation (&3.5:67) to calculate the value of Ga Ms, 
ner = Marfan = CMyr- Mor) 


in 


or g $. g 
ne + 
cS eee lop = = eo (7) 
2 c é E g,) 
P 


: r i i 
We obtain oe tram th Wwhith we vead tom FIg- Dl with 


Q 


7 


1,1 
of Ma, . we determine Ma, pratt 


value 
Ma = 4% = 
"6 Tere (2) 


With Ma we also enter FI9.D.3 and yvead values of 


Then we defermiye la with 


Pa ° Ta “ Va ae Io 


he 
@ (3) 


With This Value of for we enter Fig. OF and vead 


of fz 7% ana “2. Then we. 


Corres pond /; values 
LOWLY? a? & VA 


determine £2, i, and y With 

B= Bf) (4) 

(EME) (9) 
V; 

y=(— / y (é) 

* le) i) (con't) 


Ms BP 


Qnd 


We use &%.2 % get 
Ma, = oot) = 087 
/ 


(286.9 Mm \(S00K (1-4 
Rg. a 


tN 20.8 
1 
” (efe + 


Qua with EG-/ we have 


oC. ~ ome s) SHR = 42k 
/ = 
(as 2) 


Wy) tt, Ma, = 0.89? we “enter Fig. D.3 ano vead 


Now with 'o = 0.99 Gud @.37 we obfain 


as 
> - (BE en ) = ortF 
Toa S$79K 


(con't) 


/l- FE 


(con't) 
which has as - corresponding values in F/G. D.3 Of 


= 98 


ih} 


2.3 


0.17 


\ 


NIN Ne z 


ana 
Va - 6.07 
Ye 
With these vahos ana these rahos Corresponding tp MG, = 0.97 we use 
&gs. “45 ant6 to sbfan 


p =(2.3 Vf / L200 kale] = 404 hie (abs) 


A14 


L = (G7 a (S00k) = $3 & 
102 ) —— 
and 


y = (nor. ) owe 5g es 
0.9 - — = is shobtly larger than 

Note that according fv car calculations, 1 = 832k A Aa =k. 

This is not correct and is a result of fhe maccuracy 


associaltAl with using the Graphs. 


For more precision we ascertain the value of Ma, knowing 


~ 


22 using €. 1.131. Ars? however, we determine [at Knowing 


a 
ae 3 


Ma with &. IL /3l- Thus 


=/ a ‘ 
br. aC en) Ma (1+ 4! Ma, va ne: rite Loan] 


“ae (1+ Rata,” )* [1+ (.4)(09RP]- 
Ov 

To," = 99908 

Toa (con if) 


li- #9 


1.621 (con't 


Now We Use &.- “1.6 to dekwmine Z , Thus, 
Oo! 
Ty it (Rat Ma * ‘i es 
— #(l. 4-1 
Ma (#(t£-1) (0.993) 
tina / 
a SWE) _ ome 
ij 0. 8624 0.8624 
Now with Ey} we have 
J 
an . (50, 00 ) + S7U.8K = §):779 K 


eae 


Wi Th &g. 2 we obtain 


Tor 
fe = (Re ) (2-008 = 0.1799 
S7A.EK 


To, A 
With &%. 11.131 and Tyr 2 0.1397 we gel 


fa 
Ma, = 9.1776 


Then with &. U.128 and Ma =0-893 and — we get 


Nr _ Besoin? - saa £43) aa 
Ta It Ruma? 1+ (40.993) 
ana 


t + (#2001776) 


(Con't ) 


i- 80 


Now wilt &3.9 we haye 


L= (0.1666) at ae) = SIVK 
1.026 
Qua 


R= lik < a B-79K 
Gs tt should be. 
For Our J- 5 Sketd we use 69. I-76 to cakulate L-5. Thus, 


5-5 = GM BRR = 04T ly ag 


Qnd 4 ?; Kk $00 IE 
2 2050 F —~ 296.9 TF gf fo 
29.K kg. ik 200 4 fa (abs) 


P = 200 Rfa(abs) 


(1) 
7 500k 


/ 


x 
Raylei h line 
oe 


11.63 Describe what happens to a Fanno flow when heat trans- 
fer is allowed to occur. Is this the same as a Rayleigh flow with 
friction considered? 


One way 7o respond fo this probken. Stattment js +o Consider 
what the path of these flows would Jook like on femperatere - 
entropy (T- 5) coord)nales . starting with the subsonic powtians 
of Feo. 1-28 


fay leigh 


Sinety < andes eyes isotherma | 


s 
we can Show Fanno anol Kayleigh flows. Another chssical case 
described tn a- number of fluid mechanics fects js isothermal 
pipe flow (constant temperature pipe flow wilh fiction ard _ 
heat trausfe). This kind of flow appeximales what occurs in 
long underground pipelines. As Shawn im the Sketch above by the 
broken JIine the isothermal How path is generally above the 
Fanno flow path and below the Raylergh Flan path. We 
Conclude that the path fr Pipe Flow wilh frichm and 
heating would be above The Fanno fie path and the palh tov 
pipe How with fieton avd Cooling world be Lelow the 
Fanno flow path with ficthon aud flew rates cmstaut. 
A Rayleigh flr with fnehon wold trae below the 
Raylergh flows path. sheom other things egual. Ray leva) flows 
approximate flows wilh heat trouser over short path lengths 
over which Fiction Can be ignored as an approximation of a 


M-§ 2. 


N.65 
11.65 The Mach number and stagnation pressure of air are 2.0 


and 200 kPa(abs) just upstream of a nomnal shock. Estimate the 
Stagnation pressure loss across the shock. 


want To detyvyriune the stagnation pressure oss across 


We 
a normal shock, or 
Pp 
- - t= =e C/ 
bx by ~ yx ( Bx ) 
Jo determine the ttagnahon pressure vaho we use e9. 11.186 
Thus, Ak & 
ae . a-y a zs I-k 
by _ LO) Me | - rue] 
fy x [45x £1 ) en (ad 
4 Re Rt! 
or YY (Gir 
Pry £ — 
ee (Ma) 19. Di. 
0x 
Fav air (held) we have tam Fg. PY tor Ma, eee | 
Sy | a7e 
lax 
Thus, with &./ we obfain 
fe x fey = [200 ka (als) ](1 - 0,72 J= 56 kf, 
2/ 


Me #3 


/1.66 


11.66 The stagnation pressure ratio across a normal shock in an 
air flow is 0.6. Estimate the Mach number of the flow entering the- 
shock. 


70 determine the Mach number of the air How 
entering G wnovmal shock , Ma, , given the stagnafhon 


pressure ratio, fax | we enter Fig. D-¥ wit 
fy 
ay 
fox = 0-6 
b 
and yead on Fg. DY 
Ma, =2.29 
=< 


i-2¢ 


11.67 Just upstream of a normal shock in an air flow, Ma = 3.0, 
T = 600°R, and p = 30 psia. Estimate values of Ma, 7p, T, po, P, 
and V downstream of the shock. 


To determine Ma, Knowing Ma, we use Eg, 11.149. Thus, 


Ma,” + (2 
-/ 


(24 ) map -/ 
ov fer air we use Fig, 0-4 fe May as a funchm of Ma, - 


To determine by we use &3. 4.56. Thus, 
; 


sMleS Pati ee = 


oy for air we use Fig. Bil for 2 Qs a tunchon of Ma, - 


To obtain T, we use Eg. 10-15 /. ‘ay Thus , 


pw 1 {Etna CE Me-i] 


) 


2 (3) 
Beet Ma? 
2(k-!) E ; 
or foy air we use Fig. p.y fr Ly as @tunchon of Ma,,- 
b (a 
For fy, we Use €&9.2 of aaa WAG To get 


R+! Maz Fr 
e ae fee L(A) mad] 2 | 
ay = (4) 
(RS) -(e) 
’ Rt Rt 
or for air we use Fig. D.y for fay as 4 Functon of Ma... 
Fr 
kor : we use E1150 to obtain 


= & [ (EE ) map - (= pai (5) 


or a Gir we use Fig, Pd 7 tov U4 as @ funcho of May: 
« 
For ye we use 


(6) 
Cs te dads (con't) 


It- 8S 


11.67 | (con't) 
For aly we read frm Fig. BY fw Ma, = 3.0 


A475 


10.3 


SY SKA Div 
Ty 
NO 
“ 


“= 


= 12 


ai 


gbtain tom Fig. D.! fr Ma, = 0.475 


= 


0.96 


Fron €3.F we get 

, * (2.7 )(600°R) = 1620°R 
and thus wilh Eg. /0 

Tey = & LEO R - [69 °R 

60.96 0.96 = 
With Eq, 7 we obfam 

B= (0.3 )(3¢psia) = 309 psia 
and €%. 9 yields 


Fy = C2 NC3¢ prin) = 3 pria 
Then with €9.6 we obtain 


Y, 


u-35 


11.68 A total pressure probe like the one shown in Video V3.8 is 
inserted into a supersonic air flow. A shock wave fomns just up- 
stream of the impact hole. The probe measures a total pressure of 
500 kPa{abs), The stagnation temperature at the probe head is 500 K. 
The static pressure upstream of the shock is measured with a wall 
tap to be 100 kPa(abs). From these data, estimate the Mach num- 
ber and velocity of the flow. 


This is like Example 11.19. 

We enfev Fig. D4 with 
hay _ 5 00 Ra (abs) _ = $ 
Px /00 ko (as) 

and vead 


We detérmme the Value of V, with 


= Ma, / RT, & 


we vead trom Fig. D. / for Ma, = hes 


(290k C1-#) » 
(? N_ a 


(256. a Mm =) 


i $F 


11.69 


11.69 The Pitot tube on a supersonic aircraft (see Video V3.8) 
cruising at an altitude of 30,000 ft senses a stagnation pressure of 
12 psia. If the atmosphere is considered standard, determine the 
airspeed and Mach number of the aircraft. A shock wave is pre- 
sent just upstream of the probe impact hole. 


At 30000 ft, we vead from Table C.1 fw Shandarel atmosphere 


T = -¥7e3F = 412.2 °R 


and 
p= 4373 psa 
Thus 
4 
ley _ (2 P83 _ aay 
F. 4.373 sla. 
and with this value of Py Wwe vead from 
Frq. D.4 Fy 
Na = 1.2 
4y = 
Thus, 
Ve = Ma, (|) RT = 125 [170 ote Neca fi) 
/ 
and ie: Slug. in tt) 


f= $F 


//: 


11.70 An aircraft cruises at a Mach number 
of 2.0 at an altitude of 15 km. Inlet air is decei- 
erated to a Mach number of @.4 at the engine 
compressor inlet. A normal shock occurs in the 
inlet diffuser upstream of the compressor inlet at 
a section where the Mach number ts 1.2. For 
isentropic diffusion, except across the shock, and 
for standard atmosphere determine the stagna- 
tion temperature and pressure of the air entering 
the engine compressor. 


The decelevation process in the inlet diffuser is assumed to be 
Qdjabanc simce we ave. considering (sevtropic aittusion 
except atyvoss the Shock. Thus 


y= cons tank 
and 
= FF 
7o, comp inlet 0, diffuser pislet (1) 


To determine the diffuser jnlet stagnahon temperature we enter 
Fig. D.j with Ma= 2.0 and read 


= 6.55 (2) 


NN 


At ve hn elevation in standard atmosphere we vead tm 
Table C.2 

7 = -56.6C 226.5 K 
Thus, wi fh &G s. land 2 we obfain 


» Bté.5&) 
L comp inteh = 1 illus ia ley (ass ) ges . 


To determme the Stagnation pressure at lhe compressor mlet 


e g diffuser tnke Io x 


- 


we use 


— ( 4 
b comy inlet edit fuser wlet 


For FP Fock Fhuser inlet = ie 
P Le diffuser tated 
edi Ffusev inlet diffuser tale (4) 
di fuser inter 
where P = Pp t (s km or Pp. = 1-2nxto" (ag 
diffuser inlet atm “ di fhiser pinfep me ) 
Table C.2. (con't) 
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We cbfein  Taiffuir miet trom Fi9.D.] tor Ma 


di if 
a diffuser miep Huser in/et- 
Thus fom Fig, Pt we fave 


luiFlase roin let 
a = oO}, / 3 
tL if fuser imlet 


Combining Egs. 4and § we obtain 


P = 42nxioth (abs) 
3 diffucer mle¢ eal tine eto: 


(or3 ) 
For Ma, = 1.2, we vead frm Fig. D.¥ 


= 93,000 4 (aes) 
we 


= 0.97 


the tow ts lsentrpic except acwss the shock, 


y 
Thus, with &3 3 we obtam 


/ Comp tulet = 173, 000 © cabs) [C0 00.998 Ni.0) = ie a < 22 Rela) 


Jo delermine the slahe pwessuve at the compressa jpnle? we 
entty Fig. Dl wilh Ma , = 0.4 and read 

Comp mie? 
foamy inlet 


‘ 


», comp inlet 


= 9.89 


Thus, 


P - 089 142 Rh(abs)) = 82 khelabs) 
Comp inlet eas 
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11.7/ | Determine, for the air flow through the’ 
frictionless and adiabatic converging—diverging 
duct of Example 11.8, the ratio of duct exit pres- 
sure to duct inlet stagnation pressure that will 
result in a standing normalshock at: (a) x = +0.1 
m; (b) x = +0.2 m; (c)x = +0.4 m. How large 
is the stagnation pressure loss in each case? 


This rs sumilar to Example 1/. 20. 
(a)For a Standing normal shock qt x= +0./m we note fom 
the table of Example 1\& that 
Ma, = 437 


= 0.33 


From  FI9. D.4- , for Ma, =1.37 we obtain 


= 0.75 


0. % 
Fro. DI we tind for 


0.75 


(3) 


For x=+#0./ m, the ratio of duct exit area Yo local area 


Ax 0.1m? + (0.5m)* 


= 3/8 (4) 


Ay O./ m* + CO.}m)” 
and Ustiag Egs. 3and ¥ we get 


Ar Ay A2 
Pe: = aNa? (hl (318) = 3.5 


(con't) 


HM- J} 


3.5 we get from Fig. D./ 


rag z)* = (0. 98 (096 ) = 0.9%. 
The loss tn 2 pressure ss 


ae ad ar eS g('- = = [or hla(abs)](1- 0.9% Jat hh 


(6) Br & standing Normal shock. Qt X= +0.2m we note trom 
The table Of Exarrple 1.8 tha/ 


Ma,, = (.76 


For x =t0.2m, the ratio of duct ex’T area te local area, 
(Ss 


7 
Az . _O.tm** COSm)™ _ 2.5 
Ay Olm>+ (0.2m) (con't ) 


1470 con't ) 


Quad thus 
Ar Az \/Ay ) _ 
big iz a) =(2.5N1.16 ) = 2-7 


With AL. 2-9 we ger trom Fig. D.f 


A* 
Ma, = 0.20 
and 
& co: fA = 0.97 
Foz Ly 
Thus 
FE : 
a - 2 = ae =(097 jhsz )= os 
os Ox Ou fox 


Ihe (oss in stagnation pressure is 

fe fax ay = &, fa ay = (101k faby ](1-0.92 = 172th 

(C) For a Standing normal! Shock gf *=40.4m we nore trom The 
table of Example 1. har 


174, 


Ma, ae 
and 
me 0.06 
ex 
From F 19. D4 for Ma, = 2-48 we oletain 
Ma, = 7.5/5 
And 
sf 
44 - 0.5/ 
oe 
Frm Firg.D./ we find 
Me, OS 
Ay =/3 
Ad 
. (con't ) 


M- 43 


| 7.71_| (con't) 


For X= t0.¢m, the ratio of duct exit area fo loca/ area, 
Az Pa? 
4g 2 
Be Ofm*+ (0.5m) = Age 
ty 0.f rm 4 (0-4 m)* 
and hus 
o- GUE): (135)(13 j= 18 
Wi tt, Poa we get tem Fry. D.} 
A* 
Ma, = 9.34 
Arad 
Sa & ~ O92 
foe by 
Thus, 
PL _R “ie 
BR, OB. ~ AE oe =(0.92 0s!) = 047 
Y ? 


The loss im bod” pressuve (5 


ae Ge bal ~ 2) -((01khfélef)(1-051 Y= 50 #8 


e 
vi) x 


1 FF 


11.72 A normal shock is positioned in the 
diverging portion of a frictionless, adiabatic, con- 
verging—diverging air flow duct where the cross 
section area is 0.1 ft? and the local Mach number 
is 2.0. Upstream of the shock, py = 200 psia and 
7, = 1200°R. If the duct exit area is 0.15 ft’, 
determine the exit area temperature and pressure 
and the duct mass flowrate. 


To determine the duct exit temperature, T,,and Pressure, 
BR, we need BR ana fF . We can obfam these ratios om 


o4 %o2 
Fig. D.1 knowing the Value of Ma,. The value ot Ma, we 
obfain trom F) 9-D. / wrt a. Known value of Ar Which we 
z Aft 
Get trom 


Aa _ [te \fty 
ee ek ct jure (/ 
Af Ag ) At ) } 
The value of (%) 1s obfained hem, Fi9. D.) wth the value 
of Ma, obtaimed fron Fig. DY wilh a Known valye of 
Thus frm, Fig.0.4 for Ma,= 2.0 


Ma, =z=0.S58 


and fmn Fig-0./ we read Yor May = 0-55 


As = 12 
At 


ham fhe probkern Stalemen? 
Az. 0-15 FF 


My O41 #4? 
and thus with &./ we bave 


=f&5 


A 
ae < 0.5) (7.2 )=t8 


(con't ) 


ie 95 


con't ) 


With Rave we get trom Fig. Buf 


Ma, = 0-34 (2) 
Ee = 0.97 (3) 
an 

and 
“A = 0.92 (4) 
z. 


The value of 1, 's blamed trom 


a 7 Oe. ia by = 7 = /200R (6) 
The value of e. is obtained trom 


= z E 
os” Ge * (2) 


sad 
x 


From. Fig.0.4 tov Ma, = 2.0. 
Thus 
2 = (200 psia (072) = 144 psi (6) 
With Egs 3aunds we obfain 
Ze= in (2 ) = (1200R)(0.97, )-s1€0% 
) a2 — 
Wit Eps. 4 and 6 we bave 
R= 42 (2 = CEL psia )(0.92 ) = (32 Pa 
G2 — 
For mass flowrate we Use 
m= BRAK = ZAM, c = A, Ma, |/R7,% 
and 2 
fn = l32asia CE 2 Yous tO Yo 
Te : 
10h et ee R) 
in = 0.8¢ 59 96 1 bom 
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11.73 Supersonic air flow enters an adiabatic. Determine also the duct exit Mach number and 
constant cross section area (inside diameter = | sketch the temperature—entropy diagram for each 
ft) pipe 30 ft long with Ma, = 3.0. The pipe situation. 

friction factor is estimated to be 0.02. What ratio 

of pipe exit pressure to pipe inlet stagnation pres- 

sure would result in a normal shock wave standing 

at (a) x = 5 ft, or (b) x = 10 ft, where x Is the, 

distance downstream from the pipe entrance? 


This is similar Te Example (21. 
With Ma =3.0 we enter Fig.D:2 and get 


F(h 2h } = 0.§2 
Db 
We note that 
f (474) = PtE4) f< F(L,-4,) 
D D D 


Ca) With Eg./ we qer for £- 2 = 5+ 
¥ 
f(L* be) F (L 4) F{L-L,) . 0.52 = (0.02) (5 FH) 
D D -- a 


GE) 
or 


FUL* L,) = 0:$2 


D 
With F(4>-h) 02 we enter Ag. D2 and tind 
od 


With Ma,= 2:5 We enter Fig. D.4 ana read 
Ma = 0.592 


Now with Ma, = 0.52 we obtan tom Fig.0.2 


F (ly) 09 
ry) 


ee ete) Fly) FAG) 
* a 2 €on't) 


H- GF 


Con't) 


we get 
gf 6 er a (0.02) (25 ft) 2 ay 
D CL tFD 
anda enkring F/q. DB2 wilh f (lL) = OY we. dbfain 
D 


Ma, = 0.62 (Subsonic flew) 


Mow we pote that 


e ee EY y(t a 
¥ = — AA 
fy PUM ARAMA PY AS &, 


With Ma, = 0.62 we dbtam frm £19-D2 


Es UT, 

i (3) 
Witt, Ma, = 0.52 we obtain frrw Fig. D2 

P 

re = ee (4) 
Wi tt, Ma, = 2:56 we gett frm Fi9.D.4 

Py 

p.* 7 (5) 
and we oblain from Fig. 0.2. 

Le 0.3 (6) 

p* . 
For Ma> 3.0 we ger frm FI9. DL . 

A - 0.22 oe, 

p* 
and frm Fig. D-/ 

(Ff) 


' 
— s 0.03 
B, 


(con't) 


= q9 


Combsning Egs. Z Throng, & we obfain 


£ 
got Vez CO? HOF Ga ees 


/ 


Since we do not have values of temprature or Pressure 

anywhere wn the Flow, we can only sketch Gals mAVE ly 

What happens on 7-5 Coovdinafes, fhe T- 5 chagram 
will be similar to the one of Fig. EM.21(b) as ind:cated 
above. 


(6)With 3.1 we get tr ££ = soft 


f(L he) = 052 - (0.02000F) _ 0.32 
D 


Gift) 
we enter F/9. DZ and find 


With £0L£4) ~ 0.32 
: oD 


With Ma, = 2 we enter Fig.D4 gna yead 
0.58 


Now with May,= 0.58 we obtain tam 75. 0.2 


(Con't) 
Lo 


H-73 \(con't ) 


fe~Z, ) = 0.62 
D 


Since 
FU=4, ) = F(0* ha) _ F(L,-£,) 
we ser e = 


«* 
fC-£,) = 042 —0,02)(20ft). 0.22 
2 


f Cr #4) e 
Qnad entering FQ. (A2 with” FC&-h,)20.r2- we obtain 
_ D 


Ma, = 0.69 
With Ma, = 009 we obtam tom Fg. 0-2 

A = IY CDM 

p* 
Witt, Ma, >» 0.57 we obtain tom Fr9. B:2 

BR 

Lm = 196 (7/9) 
With Ma, = 2 we ger trom Fig. Dy 

E 

P = 4.23 CH) 
and We obfain frm Fig. Os7Z 

P 

s = 0. 

p* (12) 
Combining Eg. a, LG, 4, 12, It art 12 we obtain 


p 
2 2 tf 4S jae JZ 0.03 : 
f ie ) aoe jf ° —— 


é 


ry) 

8 
~ 
iN 
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11.74 Supersonic air flow enters an adiabatic, constant area pipe 
(inside diameter = 0.1 m) with Ma, = 2.0. The pipe friction fac- 
tor is 0.02. If a standing normal shock is located right at the pipe 
exit, and the Mach number just upstream of the shock is 1.2, de- 
termine the length of the pipe. 


We note that 
£tte-h), #054) . HEL) 
D Dp D 


(1) 


Whe re according to Eg. 11.98 


FLEA) 1 Ct Ma?) pai | (BED ma 


Re See 2 
e RM?) aK (+ (8!) Ma* o 


or for air, f (4% 2) as graphed a@s a tunctorn of Ma in 
Fig. D2. ‘ 

Thus, knowing Ma, ana Ma, We can cletrmine F( ek) ana 
F(L* 6.) and with &3./ we obtain need, Wilh £ and D 


Oo 


Also known we can determine 4. %. 


Far Air we find jn 
Ma, =/.2, 


f (£4) Se 22 
D 


Fig. D.2 corres ponding fo Ma =2.0 and 


and 
f (LL) = 0.03 
Db 


Thus, wih Eg. / we have 


1 


F(tit « 0.3 - 0.03 = 0.27 
D 
and 
h,- & = (0.27 )(0.17) « 135 ™ 
— OOL 
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11.75 Air enters a frictionless, constant cross 
section area duct with Ma, = 2.0, 7), = 59 °F, 
and po, = 14.7 psia. The air is decelerated by 
heating until a normal shock wave occurs where 
the local Mach number is 1.5. Downstream of the 
normal shock, the subsonic flow is accelerated 
with heating until it chokes at the duct exit. De- 
termine the static temperature and pressure, the 
stagnation temperature and pressure, and the fluid 
velocity at the duct entrance, just upstream and 
downstream of the normal shock and at the duct 
exit. Sketch the temperature—entropy diagram for 
this flow. 


At the duct entvance , secton(/), we have 
is = s@ 5 = 5/9°R 


pe 14.7 psia 


With Ma = 2.0 we enkr Fig. 0! and read 


a = 0.56 (1) 
ips 

and 
Ea 61 (2) 
On 


Thus with &. /and2 we obfan 
T= (0.56 J)(S519R) = 22/2 


and 


At s€cton (x) just Upstvtam of the Shock Pr 
eee | (3) 
To,1 Toa 


(con't ) 
- 102 


con't) 


And 
h,, ha 


For Mg 22.0 and Ma, =/-5 we vead tm Fig. 0.3 


0,79 


these vahos and Eqs. 3Zand4¢ we obtain 


0.79 
(14. Tpay i a) Ll psia 


With Ma,= 1-5 we enty Fig. Dl and read 


= (S19°R Y_L nee J = 998% 


0.69 
= 0.27 


0.69 NSISR) = 41'R 


R= = (0. 27 Mu psia) = = psia 


re Ma, |/ RT, =(15) [176 Pall me) eee - ww # 


(con' t ) Csi nw) 


N- 103 


Cont) 


At section (y) just downstream of the shock we obtain from 
Fig. D.4 for Ma, = 15 | 


Ma. = @.7 
4y 
“2 9.5 
| Px 
| ie 
fe pes 
Tx 
V, 
~=149 
Vy 
P 
| YY = 0.43 
| fax 


With these vanos and values of properhes at secton(X) previously 
detevmined we have 


A =(2.5 )( 3-00 psia) = nS PSia- 
iy Lets Were) = 533 'R 


ft 
My = a a 


lay = pas G3 rt = 10.2 psia 
Also, since the tlow across the normal shock is adiabahe, 


Toy = b,x ~ 578 'R 


At the dug exit sechon (2) we have the subscript a” state 
in FIG. D.3 diueed the tlw js choked there. Thus trom 
Egs.5 and € we Conclude that 


toa a Jat. = (SI4'R) = 657 R =T 
0.79 (0.77 ) == 02 
and P | 
ba = 25. = (14-7 psia ) = 4-0 fla = or 
(tom't ) 


(cont ) 


With Ma,=2.0 we read furftw trem F719. 3 


va = 0:36 
Pa, 
z 
-— = 0,53 
Tn. 
Men 4S 
V, 
Thus, 
z= (1.9 /psia ) 
A = 5:31 Pia = —% 
ict JF veS= 
(0.53 camaes 
and 
ft 
y = oor) _ yo ft _y 
a —_—_— sas 5 = 


(1.45) 


To shketh. a T-S diagram we need 


values of S-S, and we 


caleulak these values wit 
$-$, = Go ln T - Rin & 
1 P P, 
i 
50, for Cxample, 
sq-5, + (6006 fit) in/‘tie )_ (ine fete) of 2 FS ) = 190 Hel 
oe slug, “R 519'R sluy."R 14. pia slug 
Similarly 55D 
6006 In S23. 1716 In 72 aes N (2) or 
oo'S ue in Gea — ; 
a % 519 47 (a) 
5-5, =/7Z0 Ft.lb ze 
: “y “RB yso a Rayleigh line 
¢ é Sketch (not to 
=f S 6 00S), S4F 1716 In =32 .é Scale) 
p S15 4.7 T(*R) 
5-5= 2050 Ft. 
Slug.°R 350 


i 


_————— 
/000 $4g2000 
and, ¢) 
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11.76 Airenters a frictionless, constant area duct with Ma = 2.5, 
T) = 20°C, and py = 101 kPa(abs). The gas is decelerated by 
heating until a normal shock occurs where the local Mach num- 
ber is 1.3. Downstream of the shock, the subsonic flow is accel- 
erated with heating until it exits with a Mach number of 0.9. De- 
termine the static temperature and pressure, the stagnation 
temperature and pressure, and the fluid velocity at the duct en- 
trance, just upstream and downstream of the nommal shock, and 
at the duct exit. Sketch the temperature -entropy diagram for this 
flow. 


(@) For air we have at the duct entrance, section(s) 


Ma, =2:5 
i = 206 = 293 
vf ———— 


/ 


2 = jot kha (abs ) 
, Dace ee 


With Ma, = 2.5, we enter Fig. D.| and read 


Z. 044 (i) 
11 

and 
i 0,06 (2) 
he, 


Thus we have wilh Ege. land 2 
T= (O44 )(293K) = 130K 


p = (0,06 )[toikfa(abs)] = 6.0 fa (Gls) 


(286.9 Nm \(130K)(I-4) 


wht EY. 
At section (*) just upsteeam of the shock, a as 


Tnx = Ta, (a ee (3) 
Qo? 


. E 
b. 3 h, a8 )f ) (4) 
Ri /\ Poa 


= 57/7 
Ss So 


con't) 


For Ma, =2.5 and Ma, = 1-3 we read tan Fig-B3 


hs OW 


\s 


| A 
a ew 27 


= 046 


fa x = Loy 


With these values and Es. Zand ¥% we oblay, 


ba OCs )faer ) = ster 
ie Ce \@ of p= #77 kta (abs) 


he x 
With Ma,=/3 Wwe enty Fig.D-}] ana vead 
Ze . 075 
Tox 
and 
A = 0.36 
Bx 
Thus , 
T,=(0:75 N39Sk)= 2K 
and 
p, =(0.% = )[ 47.4 etalabs)] = 17 && (abs) 
then 
Me = Max RL& = (3) | (286-4 Sp sees = eR me 
= Fs 
te 5) 


(can't) 


N- |0F 


At section(y) just downstveam of the shock we obtain, tom 
Fig. D.¢ tow Ma, =/.3 


Ma, = 0.79 


1.8 


AZ 


" 


= 1.5 


0 S|xS Alt BK 


J. 6.99 


Ox 
Witt, these vatos and values of properties at Sechon(x) prewoutly 
deteymined we have 
= (7.8 Jf 17 ie 20.8 bh(abs) 


(ee ) (295 &) = 


—— 


ww 
oe 


=(09%) [47.4 phalabs)) = 46.4 kfelabs) 
Also, since the tlow across the Fears shock is Adiabatic, 
Tey © hx = 346% 
i the duct bee, isis we have 
G 


(6) 


(7) 


h- 03 


cont ) 
Appropriate ratios fo use 1 ts. & Throngh 9 are dbmained tom 


Fig. D3 fr Ma, = 0.79 and M4, = 0,4. 
Thus , 

4 = 4.3 

fa 

A = 4/2 

Ae 

4. 1.02 

Ta 

a = /.02 


je a Py) 
"i 
S 
2 
os 


" 
S 
S 


> 


ov oy 
we 


1X 
4 
i] 
oD 


Va = 0.9) 
& 


With these rvahos and Egr. through 7 we obrain 
ns [30.9 ble (obs) ] (+ ee ) = 266 R& (abs) 
L3 —_—_— 


2 ———— 


EZ = G/ Ds ) = “o7k 

¢ O9¢ — 
(con't ) 

u- {049 


T= Carty = B08 


H.F6 con't ) 
J ] / - $ 9 


S (246 2 rear as d= 337 2 


for sketehing g 7-5 diagram we need values of S-5, 
We use , 


= Ris £ 


6-G = €, fa & 
] fr 7, F 


Thus, tw example, 
a =a 7) 
5-5, ae Siete e*) ft va nfo A rail | 
60 aa 
Ss, ~ 5, = 527 ad 
Ag. K 


Similarly 
5, a5 $76 2 
7g & 
and 
5-5 = 570 
2 d 
25. k 
4oo, 


c Rayleigh 
line 

ske teh 
(not fo 

Stale ) 


11.80 [See Fluids in the News article titled “Hilsch tube (Ranque 
vortex tube),” Section 11.1.] Explain why a Hilsch tube works and 
cite some high and low gas temperatures actually achieved. What 
is the most important limitation of a Hilsch tube and how can it be 
overcome? 


A Hilsch tube works because fhe cove flow of the associaleal 
compressible swirling flow is tn Solid bool rotation (forces 
vortex). As shown by Eckert and Drake (Eckert, ERG. and 
Drake, Jr. , R.M, ,. Analysis of Heat and Mass Trams fy, 

Me Graw- Hill, New York, 1972.) , the difference is tote! tmperahne 
acress the tadius of this frceol vortex Can be appreveble, 
especially when the flow is turbulent. Kurosaka (Kurosake,M., 
Acous tie $#rCaming In Swirling Flow and the Rangue - HylscelL, 

(Vertex Tube) Effect, Journal of Fluid Mechanics 124: 139-172, 1982) 
Concluded that Periodic uns teadimess of the Swirling How 

is the primary cause of the fmation of this frced vortex. 

A ceovding tp messuvemerts (Ablborn, B. , Keller, T.U., Staudt, R., 
Triefy, &. and Rebhan, E., Limits of Temper «have Separatior 

tn a Vortex Tube, J. Phys. D: Appl. Pys. 27: 480- 488, 1994 )hpical 
hot and cold stream terpevatrwes are 97°C and - 13. 


The most important limitatier of the Hilscl, tube is the 
incthiciency of the process.a challenge that remains to be 
resolved. 
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11.81 [See Fluids in the News article titled “Supersonic and com- 
pressible flows in gas turbines,” Section 11.3.) Using typical phys- 
ical dimensions and rotation speeds of manufactured gas turbine 
rotors, consider the possibility that supersonic Fluid velocities 
relative to blade surfaces are possible. How do designers use this 
knowledge? 


For the far oF a regional turbofan gas turbone engine 
tip reduis = 19 th. 
rofaton spttd= $8700 rpm 


So bl ade speed tr #2 


¢ 


U = ae _ (9 in. \(-3300 ree Near =). (376 t4 
5 (ii ie 


ft 
Fo a typical San inflow veloc ty tevans/e (See Fy. /2-3) 
the velocity relahve +o the Sar blade , Ww 1$ much Aarser SAG 
the blade velo ci hy, U. AA take ctf anol nomial pgpurbien?t 


tewrpera tures Wwe ste Kon Table B.3 that She relahve velo cits 
of the Gir flocs over Pre fon blade Acar ‘ts Kadiing case 


ss rest likely supersonic. 


Fir He Cove Compressor of Has same engine 

tip radians = 10 mn. 

rotation Speed = /6250 rpm 
the vesulfant blade tip speed is ‘H7 fs 
Even at Aigher tem peratures within fhe Cove Compressor 
the relative velecity , W, is quite likely to be Superstnil, 
Designers continue to improve. the fan, Compressor and turbine 
components of gas turbines. 


W-HZ 


IZ -Y 


12.4% The rotor shown in Fig. P124f rotates clockwise. Asstune 
that the fluid enters in the radial direction and the relative ve- 
locity is tangent to the blades and remains constant across the 
entire rotor. Is the device a pump or a turbine? Explain. 


BFIGURE P12.4 


W = W, according to the problem statemer} and YU >U 
Since. >. Thus a veasonable set of velocity frangles 
for this situation looks like 


W, 


By comparing the velocity tviansles at the voter iolet C1) 
and exit (2) we See that the absolute velocity vectoy, V, 
has been turned in the dwveefion of blade motor and 
Work has been done on the fliid. This isa pomp . 


iA 


/2. 40 


12.10 Water flows through a rotating sprinkler arm as shown 
in Fig, P12.1and Video V12.2. Estimate the minimum water 
pressure necessary for an angular velocity of 150 rpim. Is this 
a turbine or a pump? 


To estimate the minimum water pressure we. Consider the 


Flow through the sprinkler and into the atmosphere +o be 
without any loss of available energy. 


ao 


70, using Bernoulli's eguation we get oe Se 
z Vv, | 
fies A is e> VU 


where B= Py  vadial dieelon 
7o dekrmine Yu we vecogni ze, that pr \ | 5 
the minimum pressure Condition, the Forgue Sis ae 

resisting sprinkler rofahon is Jer. 


50 : ; 
T= h(n ,— 6) = 0 | ———[ 


Since : Q 
Vs =O 


then “ 20 
2 


From the exit (2) velocity friangk. ) 
+ _? os 
Vi, = W,c0s 70° and W, Sin B® = UF 2% 


:@ FIGURE P12.10 


vad . 
50 a wy S20 = (Tine) (150 tee ET Fey ) C087? = 234 FE 
* . Sin 70° {z th.) 605 ) sin 70° aad 

ft 2 raps 

Ue he (2. ben y(394 Ft) | g te 

| ae Pe ie), = ak ee 

min 4 z 32.2 tem 2) atm Ft 

= z |b € te gs 
ee. Eee ee 


ae Grn <5 _ af 
The aetnral pressure needed fe PME saints if lawser because 
fluid Flow losses and Finite fovgve resisting ro tn . 7 
This is a turbine, the sprinker moves in the same drechin, as the Huid tore on 17, 


Aa Z 


12. u Water is sipplied’ toa distiamahier through the manifold 

shown in Fig. P12.11. Determine the rotational speed of the man- au 
“ fold if bearing friction and air resistance are neglected. The total (2) @ “o) 

flowrate of 2.3 gpm is divided evenly among the six outlets, each | © at; 


| 3in. | 3 in. | 3 in. | 


of which produces a 5/16-in.-diameter stream. 


sectien a-a 


BFIGURE P12.11 


With points (0),(1,(2), and (3) located as in the diagram above, 
T= (Tout Vooot ~Vin Voin)’ where Vein =0. Thus, 


T= 2th 11 Voy + 2rhz Fp Von t+2M3%y V3 =O since there is no friction. 
Bul m,=m.=ms3 so that the above becames 


ri Vey +e Von *73%os =O (1) 
But U. * Vor = W; cos 30° gee 12,3 (2) 
where 


. oa -6[F(G@® #1)" Ju: =o.00320m — “Up=ryw Vas 


( j | 3 3 
0: ‘¢ 3 ft) (sox") (2314 i) (olf) = 0, 00512 £ 
Thus, W;= 1.80 £ 50 that from Fq.(2) Vg, = W;cos30° - 
or Vp; =(1.60 £)cos30°- rw. With f= 7a Hf, =H, and rel ft 


Eg. (1) becomes 


3 (1386 - Bw) +$(1.386-£u) +£(1.386 -%u)=0 
or 249 =/05W 
Thus, w= 2.3708 x tel. = 0,373 Fev 
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12.1Z Water flows axially up the shaft and out through the two 
sprinkler arms as sketched in Fig, P!2. {Sand as shown in Video 
V12.2. With the help of the moment-of-momentum equation ex- 
plain why only at a threshold amount of water flow, the sprinkler 
arms begin to rotate. What happens when the flowrate increases 
above this threshold amount? If the exit nozzle could be varied, 
what would happen for a set flowrate above the threshold amount, 
when the angle is increased to 90°? Decreased to 0°9 


m FIGURE P12.10 
This sprinkler is similav to the one of Example tn 
Thus, | 


As 


Shaft . = 
Fram the velocity triangle shown tn the shetel, abe, 


we cmelude that 

Vy, > (Wa 5m 70° =U, ) 
wheve 

UV, = hw 
Comb rning , we get 


° oO e 
Soa a m 

Talk A (W, sin 70 re) 
Cree | : 
Se when Wand m combed is large, wit C= O to overtome 
7 : - - ve ras 4 


E ee? the Sprinkler rotor begins t votate.. 
@: 


when flowrate an cveas$es fur fher,, w 7s no longer 5ero | 
but set at a value that wtishes £3. | oe 


(1) 


/2./2 (con't ) 


When the no33le. angle is increased tram 70°40 90° 
Tape 7 (We, Stn 90° 1 02) aoe 


A 
96¢ 
Jo 
U, 
for 90° 2 : 
5 aa 2 
shaft Shalt V, | 
90° 70° 90 
= oe 
= m 
90° 70 
We get 
W, - 0 @ = Wism7 ~b 
Zo 2 99 arm Ww 
Fo , 70° 
Far this to be true 
> 
5,0 0 


ov the sprinkler speeds up when the no33e angle is incetased 
from “70° 40 0. 


When the nozzle angle is decrtased 4 O° the exit velocit, 
triangle how looks like 


Wp 0 
V 
2 V, ' 


Gnd the shatt torg ue GSSéciater! Wilh this flow Opposes 
and evenmally stops Sprinkler rotation. 
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12.13 Ata given radial location, a 15-mph wind against a wind- 
| gill (see Video V12.1) results in the upstream (1) and downstream 
(2) velocity wiangles shown in Fig. P12.13. Sketch an appropriate 
blade section at that radial location and determme the energy trans- Ww ay 

ferred per unit mass of fluid. ; ; aoe 


Iw! = lw, | 


V, = 15 mph 60 


“HE FIGURE P12.13 


We can determne whether the axial thw Gobi e . 
involved ji 7 - 

co . o turbine or a tan by comparing phe asrection 
of : tt ree on the voter blade section with the 
divection of the blade velocity UU. IF the lift foree. and 
the blade veloci ty are jn the same directon a turbine is 
ininived | Lf the lift farce and blade velocity are in 
opposite directions , a tan fs involyed. The divecton of the 
litt force can be wmterrecd from the shape of the ror 
blade sechon sketthed to be fangenththe relative Hows enkern 
and leaving The votor row’. : 7 
The. entering 7 

4 7 fan . Ui = tan’ (20%) = § 
V, (15mph) 

Thus, the rotor blade sections sketehed bela are appropriate 


ay 
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/2./3_ | Con’t) 


| Since the lift force Qching on each roty blade sechon = 
js in the same divechon ac the hblede velocity Wwe 
conclude that this turbomachrue is a fturbne.., 
/he energy hanrkyred per unit mass /s the shatd- 
WOE Por Naf ma|qss J are tp? whi chr es Can defkrmine 
wi fh Eq. W.5 . Thos 


W batt a Gg. Ves Gi) 
From he velocity triangles we. cbfam 
= W sy é cares 
‘ao ‘ 11 60 UL 
and | 
- Ss 2 
| W = Ww, ae Vow v 
| Thus 
= = % s1n 60 — U. 
yi al 4 tY, ) 
i ‘eG 
? om Us + (2009 sinbo” -20 =) — 
Watt j 15 (1 Smpa) + (20 | ! or lis a ) 
shat} = slug 
oY 


| a 


Ibe 
Slug (32-2 = 


“hat - 
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12.14 Sketch how you would arrange four 3-in.-wide by 12-in.- 
long thin but rigid strips of sheet metal on a hub to create a wind- 
mill like the one shown in Video V12.1. Discuss, with the help of 
velocity wiangles, how you would atrange each blade on the hub 
and how you would orient your windmill in the wind. 


wind along volation axis Vv 
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12,15 Sketched in Fig. P12.1§ are the upstream [section (1)] 

and downstream [section (2)} velocity triangles at the arithmetic 

mean radius for flow through an axial-flow turbomachine rotor. 

The axial component of velocity is 50 ft/s at sections (1) and 

(2). (a) Label each velocity vector appropriately. Use V for ab- 

solute velocity, W for relative velocity, and U for blade veloc- 

ity. (b) Are you dealing with a turbine or a fan? (c) Calculate direction 
the work per unit mass involved. (d) Sketch a reasonable blade b U.=U, 
section. Do you think the actual blade exit angle will need to ’ 
be less or greater than 15°? Why? 


FIGURE P.12.15 


(a) See figure above. 


(b) T = (12 Vea ~ 1 Vou) = 11 "pean (Veo - Vor) 
where Va2>O and Vor <O (see Higure above) 


Thus, T>0. The machine is a fan. 
(c). Mg fe iat = U; Ver a U} Ve, = U (Vo2 - Vor) where U= U,= Ve 


Since Vy = Vyo = SoH 7 follows 


from the figure that ‘ 


V; cos/5° = SO ft 


o V,= 51.9 4 
an 


Va, cos 30° = Sot or Vp = 57.7 ff 
SO that 

Vo) =-Vj sin IS°=-51.8 sin [8° =~ (3.4 £ 
and. 


Voo= Va sin 30°= 28.9 it 
Also, T= [Vo ft{Voo| = 42.24 
Hee, spay = Herel 20k (104 ) = 1700 SE 


ee por B= 4e * 


(d)From the figure tanO= 
This, the blade shape i's as shown: 
(a ¥i5° 
yg Af (con't ) 


14-% 


_(Ceon't ) 


a The actual blade angle will need to be kss than. 15° ie 
to achieve a 15° flow avigle. at The blade exit. 


Becay se of boundary layer dle velop men? on both surfaces of 
The blade , the fi lujo angle. wrll be di fleven?! from the - 
blade angle. Less turning than expected will be acheslly. 


achieved. 


12- 1/0 


by air escaping from a balloon. The air from the balloon flows 


radially through each of the three propeller blades and out small 


nozzles at the tips of the blades. The nozzles (along with the 
rotating propeller blades) are tilted at a small angle as indicated. 
Sketch the velocity triangle (i.e., blade, absolute, and relative 
velocities) for the flow from the nozzles. Explain why this toy 
tends to move upward. Is this a turbine? Pump? 


12.16 Shown in Fig. P12.tbis a toy ‘‘helicopter’’ powered : 


M FIGURE P12.16 


Tf we assume the helicopter i's stationary, then. the blade speed 
is wR in the horizontal plane as shown in the side view belw. The 
relative velocity, W, is directed along the nozzle, and the absolvte 


velocity, V=W+0) is as indicated. 


jhe toy tends +p move upward because. the tlow over the 


blades Push up 0m them. The 


air from the balloon tovees the 


blades to rotate like & turbine. However, 


on the ambjent iv as a 


J2-/ 


ei des 


the blages act 


§2-4G The radial component of velocity of water leaving the 
centrifugal pump sketched in Fig. P12/8 is 45 ft/s. The mag- 
nitudé of the absolute velocity at the pump exit is 90 ft/s. The 
fluid enters the pump rotor radially. Calculate the shaft work 
required per unit mass flowing through the pump. 


mM FIGURE P12./8 


Woe OY UV, 2 oe CER des) 

W sha ft = Wray, Say C45 a) (£q. Aas) 
Since the Hyd enters radially , Yo, = 0 So That & 12.5 
becomes 

Wshaft “ ye Vor CH 
luita ‘ 

ws ‘3 rey 
U,24W = (asf) | 


From Fra, /2.8¢ y 
(Vv. 2s ee) . 
z 2 


(im) Ge ]"= m8 


i 


Voz 


ty 


Thus, troy ke 1) 


tf 


Lt fib 
ages = STENT. VEN Segre) 


li 
= /,.22x 101 Ft Ib = 122K10" jes 
S143 32.174 Iben J 
slug 
379 ft. le 


—— Ibn 


(cont ) 


/2-/2 


(tone ) 


We proceed to calulale the Component velocities of £9. 12.8 


U,2 ha =(0. a ae fev (av eH +) ggg 
aE eae Stk Ais at I i e 
60 £ 
fan 
Frm conservotion of mass 
or yA : Vea A, 


and 


0.2 f# 


2 Vas HOST ) a 12 ft 
r s 
For the entering tlow 


Va Gay (62.8 ft ie (112 fy 
ry ; i at) ) 
So 
V -= 124 a 


Lae | 


Then trom &q. 


age WE stage £5 ~62.28)- [use rosy] 
att 


itt 


Be Z 


q 
& 
~ 
Ow 
a 
> 


shag 
= _-—s— Ibm 


£4. 12.8 invites round otf error because of the 


Aiflrenns of velocity Sguacred wmvolved 


/2-£3 


(sees x 10" = (ee ) 5310  ftle 16 - amb Ee 


12.19 A censifugal water pump having an impeller diameter of 
0.5 m operates at 900 rpm. The water enters the pump parallel to 
the pump shaft. If the exit blade angle, B, (see Fig. 12.8), is 25°, 

_ determine the shaft power required to tum the impeller when the 

_. flow through the pump is 0.16 m?/s. The uniform blade height i is 
50 mm. 


see ae Za K/ 
Winete 7 Wall” thet 
Tyre, = PO (Nos ~h bor) (£5. 2.0) 


Va = Oo; - Cot 6 (2) 


rad 
For i> sss = 0.25 m with parc (900 rin, til n ler ae a s 
Ther Hor 
Ustad = (225m 2 1) = a5) wn 


Since the flowrate 15 given et follows That 
Q= 27h 6 Vez 


we 
or io So & P = (6, es / £044 
te” zteb, (aq Vorv6m) (Ob ) . 


Thus trom Eg, (zZ:) 


= IME Lit 
Vo, = (23.4 2.6% Col 25 gp = /7.2 = 


ana  +ttom &q (/) 
Teng, = (11 4 Mo. Bo. zem)( 19,2 S)= 168 Nem 


/ . 
50, We (768 Mm)(20 red ) (j00 a8 ee —L__\zaopkw 
sha ft =) run (60 _£, s j000 sen — 
ah o Rw 
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“4220 A centrifugal pump impeller is rotating at 1200 rpm in. , 
the direction shown in Fig. P12.20. The flow enters parallel to: 
the axis of rotation and leaves at an angle of 30° to the radial. 
direction. The absolute exit velocity, V,, is 90 ft/s. (a) Draw :.: 
the velocity triangle for the impeller exit flow. (b) Estimate the | 
torque necessary to turn the impeller if the fluid is water. What: 
will the impeller rotation speed become if the shaft breaks?” 


mM FIGURE P12.20 


(aA) The exct How velocity triangle Can be Constructed 
Graphicallg #5 Wdicated below, 


= ia 
wih U2 20 * ae (6° Fam ) 
From the velocity iia ; = Vpe 
aie Vere 
Synce Voy= Vz Stn 30° and Neg * V, tos 30° it follows 
That i (OV sinde? 


It 


Cr. Tan VY, &s30° 


| 


FEY 34° . 
va aac (90 F) sh 30") a g 
( 4% ff) Cos 70° 


( cen 2) 
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12.60 (tent 


Th us, trom tne Velocity triangk 


_ Vee . be es 30". 6% =) t0530° 
. Cos 12,97” @s 12.97° Cos 12.9° 

= £t- 

=, 50.0 ae 


W) th / and W Known | The ve locity triangle Ls 
Com pletely Vipe ecified: 
(6) Freon £3. 12.79 with Vp, =0 
' Shafi” an te V2 C1) 


Since : i slugs 
a 2m b, Ves andl @ for walor thom labhe 5 co 194 2% 


= (+94 St \awno.stGe fe) (90) tos 30° 
= 396 sluss 
So thet trom gy .t/) 
Tshat. = (39.6 $495) (0.5 f4)( % F) sin 30° 
89/ ft- hb 


i 


JA positive forge js 1a the same direction as The rotation, 
When the Shat? breaks , the Org HE becomes ero and The 


rape Mer eventualh stops because, there /s no longer a 
arivin forgue to force (# fp yotate. Tna pomp, the 


shatt fovgue drives the impelle- and the impeller moves 
lara. the oth . 

Plaid On i orner hand , ha turbine , the. moving Flujcl 
drives the impeller. 
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12.01 Discies 4 the main aimnlievide assumptions associated 
‘with Eq. 12.13 and explain why actual head rise is ‘always less 
than ideal head rise. Discuss how ideal head rise is head “added” 
to the fluid and actual head rise is head “gained” by the fluid. : 

; Can Eq. 12.13 be used for a turbine? Explain in terms of ac- 

tual and ideal changes in head. : 

EG. 12:13 (5 O6Fam0eA assuming that no loss of avai /able 

CNCTGY occur in the tlow Throngh the plump yn pe Wer. 

The achra/ head vise across the pump ts thus gual 

So The sateal head rise across the pump AUS She 

loss oF available Oner5y sul terecl by Tho Flowing + /aso 

because of ftrichs,. The blades add the sdeal head 
bise amount te the Hlewing Hai, however, The Flay of 
Flow loss vesults yy The achiral ead rise real; xed Sy 
the Howing tljd Se1n5 hess than rhe /dea/ 

amount by fhe loss. 

Eq. 12-13, may also be used far flav across a@ turbine rotey, however 
the change is head will nOW be negative Or tn other Words 
the flowing fluid head will drep Gcross the Yodrr. Far ther, 
this head drop across the turbine rete is the ideal 
ameunt , or the amoun} in the absence of any hss of 
Gvai lable enerqy suffered by the thwing firid because of 
Viscosity. The achygl head drop js larger than the 
ideal head drop th diffrence due to losses. 
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0 = 0.25 ft/s 


12.22 A centrifugal radial water pump has the dimensions 
shown in Fig. P122%.The volume rate of flow is 0.25 ft?/s, 
and the absolute inlet velocity i is directed radially outward. The 


angular velocity of the impeller i is 960 rpm. The exit velocity 
as seen from a coordinate system attached to the impeller can 
be assumed to be tangent to the vane at its trailing edge. 
Calculate the power required to drive the pump. 


\ 


IL 
0.75 in. 


mM FIGURE P12.22. 
Frem £9. /2. 1 ywyth Ve, =O ; 

7 : _ ee 7) 
Wop apy iz pe U, Veo 


Zo determne Vr we use 
Ui hO= (ERE ) (wot! len BN ize.) = tl F 


To obteln Voz Wwe use the exct Velocty triangle Shown below. 


77 Ge 


Since Vo = OU, - h, Fan 35° v2 
and om SNe eee (ors CE: 39H 
2° AD teh anlls Ge: ) 


it follows thet i 
Vor * haa ~ 139 tan 3g) = HON 


Ge 
W shaft -(i0n t Se Noss Nu 612) 


= [olo ft 
5S 


12.23 | . 


12.23 Water is pumped with a centrifugal pump, and measure- 
ments made on the pump indicate that fer a-flowrate of 240 gpm 
the required input power is 6 hp. For a pump efficiency of 62%, 
what is the actual head rise of the water being pumped? 


From Eg. /2.23 The pamp efficiency ls Given by Je 


ie Z pas ha [550 
: bhp 
oO that 
| (A bhp Ngso) 


he = oO 


ft-lb 
_ (0.b2)(b Ap) 7% Se) 


= 61.35 
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12.24 The performance characteristics of a certain. centrif- 
ugal pump are determined from an experimental setup similar 

to that shown in Fig. 12.10. When the flowrate of a liquid (SG 

= 0.8) through the pump is 120 gpm, the pressure gage at (1) 
indicates a vacuum of 95 mm of mercury and the pressure gage 

at (2) indicates a pressure of 80 kPa. The diameter of the pipe 

at the inlet is 110 mm and at the exit-it is 55° mm. If '- 
2, — 2, = 0.5 m, what is the actual head rise across the pump? _: 
Explain how you would estimate the pump motor power re- 
quirement. — 


From Ey. (2.19 


Vag C} 
he= fh za Zz, t “25 : 
3 
Since y Q . (20 gpm Eb. 309 x10 ee | 7a 
= fe ii ot Sel ae 
: / FZ C0.Mom)* 
and 
V, A= kA 
Oman \* a *. 3/94 
= = (0797 Z 
VY, ’ 4 [Bane ) ( . J@) : 


3 
Thus, From £5. with p= ~ Ay, yg) ee} 045m) (ia3xi0 4) 
ank f= 80K 1D Nfon?, 


VV 2 2 
/ sou Ss + (0, 095 Ni33x10? et P (319) - (017 » 
eet i 
a (0.9) (F. 80x 107) &, 2 (4,8) 


fh, — LS wa 
To estima. the pump metor power reg ujvernent Use fg. 12.23 
= * Che 
bhp (550) 
to get 


bhp - ¥ Aha, 
H SSO) 


ae A fering Values of 7 a corr’spanding bhp can be Ca leunrlake 


/2- 20 


42.25 The performance characteristics of a certain cenwif- 
ugal pump having a 9-in.-diameter impeller and operating at 
1750 rpm are determined using an experimental setup similar 
to that shown in Fig. 12.10. The following data were obtained 
during a series of tests in which z, ~ z, =.0, V, = V,, and the 
fluid was water. 


Qepm 
P2 ~ Pi (psi) 


Power input (hp) 


20 _|40 [60 [so {100 [120 [140 _ 
a | 38.1 2 Bs | 301 25.8 

1.581 2.27) 2671 295] 3.19) 3.491 4.0c 
Based on these data, show or plot how the actual head rise, i,,, 


and the pump efficiency, 4, vary with the flowrate. What is the 
design flowrate for this pump? 


3.491 4.00 


From Re. 12.19 with £=& ana “zh 
hig= te-fh 
THUS, for the first set of data im The ba ke 


tb fy 
t= G2 he eB) on op 


“62.4% /6 
bz. 4 te, 


From F¢. /2, 23 O46 [exe 


a : bhp 
and fy the first set of data m the table 


4 (62.44, )[Go gpm) /(7.98 #! \(so8,)] 42. 84) 


él 
(1.58 hp )( S50 Fp 


= 0.297 
hz 24.7% 


Kemasniins Values for hy ana Ff Can be Caledated mM 4 Simlar 
manner and all values are tabulated i The table below . 


or 


@ C4 pan) | to #o bo BO | loo /2o Ito 
fh (fe) | 2 | 25] 77 | 885 | 773) b8s | s¥6 
m (%) | 247 | H2| #44 51s | 613 | 60% | $2.6 


(cont) 
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design 


is shown below. The 


data 


at peak 


of | The 


A- ple 


/07 pa. 


1S 


efLreienly and 


Yeh Gouarrippy 
a 2 


ru 

¥ 

J 

N 

Q 

4A 

< 
< 


Flewrete, @, gpm 


22 
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_, 12.26 It is sometimes useful to have h, — Q pump performance 
curves expressed in the form of an equation. Fit the h, — Q data 
given in Problem 12.25 to an equation of the form h, = h, ~ kQ* 
and compare the values of 4, determined from the equation with 
the experimentally determined values. (Hint: Plot h, versus O” and 
use the method of least squares to fit the data to the equation.) 


Based on the data trom Problem / 2.15, the following tuble 
Can Ge Created aux firm A Standard, MYear regression 
carve Athting Pregram Tne fellowmg Vvesults are obtuned. 


Q (gpm) to | 4o be fo ij ae ae 
[2 Gprw]? gx j0-| Iexld’| axio’| bY¥x 1D | soo X10" fee xlo’\ (96x 10" 
ty (Fé) | 72.8 | $2.6] 87279 | 635 | 773 | 6%5 | 97S 
AL Ge —~/oo | 0.81| -027| 0.26 | 6397 | 037 |-o52 


- bk, = de Cexperimental ) - be. (predicted ) 


The Cuation obtained from The data “Sing linear Veqvession ts 
Vis 74.5 — 0.00176 Q CH) | 


Where ty 's ri ft with QO th gpm. A plot showing 
The Com parisor between The experimental date quad The 
predicted vesults (from 23.1) ts Shewn below. 


Fi lowtade, a Gpm 
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12.28 In Example 12.3, how will the maximum height, 2;, that 
the pump can be located above the water surface change if the 
water temperature is decreased to 40 °F? 


From lable B. | tr Yor water, Va por Pressuve /s 0.1217 psia 
and oz 62.43 ib /te? Thus, with This Change Wo ER.C2) 
in Example /2.3 


(z) = (17 te» 44 &) 
oe 62.49 # 
(0.0217) (jug Lae } 


vo & Fee 


- 10, bf. 


is 44 


lh? 


5o0 fact 
Cla EEL 


Thus, There 13 anmerease ty height fiom 7.bS Ft Co 8.43 £2 
with decrease. in waler tem perature from 80°F to YOF. 
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12.29 A centrifugal pump with a 7-in.-diameter impeller 
has the performance characteristics shown in Fig. 12.12. The 

- pump is used to pump water at 100 °F, and the pump inlet is 
located 12 ft above the open water surface. When the flowrate 
is 200 gpm the head loss between the water surface and the 
pump inlet is 6 ft of water. Would you expect cavitation in the 
pump to be a problem? Assume standard atmospheric pressure. 
Explain how you arrived at your answer. 


From Ef. 1 ar 


Pkg Pp; 
N PSH, = << ey as 24, a a o/) 


From Table B./ The water va por pressure ak /00°F 4s O96 93 psa 
and = 62.00 ak Thus, with pe (4.7 psia, 2,= lett and 
: m9 
Zh = FE, 9. Gelds 
is - O97 tt, vee, 
NOS OO «pa ees, eS woe ae 


/b 
62.00 Fs 


4 
(0. 9493 a ) ivy er) 


62, 20 £s 


= /39 £¢ 
From Fig, 12.12 af 200 gpin 
MW PSH, = ~ 12 #4 


For proper pump operation 
N PSH, > NPSHe 


Since This ts true m THis case , Wk e Xpect Har cau tation 
in The pump would not be ai Problem. No . 


12.30 Water at 40 °C is pumped from an opentank through 
200 m of 50-mm-diameter smooth horizontal pipe as shown in ° 
Fig. P12.30 and discharges into the atmosphere with a velocity 
of 3 m/s. Minor losses are negligible. (a) If the efficiency-of 
the pump is 70%, how much power is being supplied to the ee 
_ pump? (b) What is the NPSH,, at the pump inlet? Neglect losses B FIGURE P12.39 
in the short section of pipe connecting the pump to the tank. 
Assume standard atmospheric pressure. 


b-$-+ 


Diameter = 50 ear aE 


ceniie a m 


(a) a - & Vs L ye 
Ftatitt Stat eee (/) 


Lmeve =f =e, y, 20, W,=3 a fs, 2,2 30m aad Z=0, Thus, E3.C1) 


Be comes - “> 2 
Zt he = (i f =) (2) 
Also VD ~ (3% 
g) k* os = 3 2)(0,05m) = z2Ppx)e> 


(6.590 xl 7m*) 
and trom Fig, 8.23 For smeoth pipe #2 0.0152. Thus, trom 


Gg (2) fs2)* 
b a [1+ o.ois (2222) | Sif Be San 
P 204.81%) 


Hence, 
Power Gained by fluid = IG hep 
3 2 
= (9.73) x00 HE \o.05m) (3% 2530) 
~ 14S x12 Nm = Ys RW 
anKA : 
Sawer gamed by Aiud 
, te = POUT SOMES ta 
Power supphed pun p Ef hcienes 
= L¢S RW _ Z.07kW 
0.7 rrr 
(L) From Eq. 11.24 
Wesy= t 4 We® Pe 
o 23 $ C3) 


where # and Ve refer te Me pressure and Velocity at the 
Pump fulet , respectively . ft Iso , 


2 2 
eG a= 6, Kh +z +4, 
¢ 4% + 2 
So That with b= Betm , “7°, B70, aad A, = 0 
Ctont? 
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Quid Therefore ftom &: f CD The available NMPSH 4s 
a Picton ae Py 
NPSH, = Fe, - LB) any 


CH 
Note Wat this result torvespotds -> Fg.12.25 with 2 pasitwe 
(Since Pump 13 below reservoir) anh = 4, =0 

From Table 8.2 tne water vaper pressure at 4Yo°C 
7237L X10" Nl? (Abs) aan o= 
&q (4) Loith Pete * lo/ RF 


/s 
7.731 x10? N/a? Thus, from 


( FN (2372 x10, ) 
PSH, = foi xb X, ) oe mn 
(973) xb? *,) (7.737 xlo7~ *3) 


= /2.6 ~m 
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12.31 The centrifugal pump shown in Fig. P12.31 is net self-priming. 
That is, if the water is dramed from the pump and pipe as shown 
in Fig. P12.31(a), the pump will not draw the water into the pump 
and start pumping when the pump is turned on. However, if the 
pump is primed {i.e., filled with water as in Fig. P12.31(b)], the 


pump does start pumping water when tumed on. Explain this 
behavior. 


(a) 
M@FIiGUuURE P12.31 


The head-tlowtate charactenstics for «. Lypical centr tugal 

pump are shown in Fig. 42.11. The maximum heed That The 
Pump ¢4H add OCCurS when when Qxro Cele, at start ap for example ). 

This head 1s in terms of the Hurd in the pump. Neglecting losses 

and the velocity head Cana cavitation ettects) the pump Can 
lift the Hard a height # eg ta | fo The head added by Me a 
However, tf the fluid in The pump is atk Care, hot primed) the ee 
added +8 16 terms sf Fé oa m ef ar. Br example 1 hy 2S 
The pump Could rhise Wattr thet high vt It 3 primed (filled 
with water) LF the pump 1 not primed (4ilkd with air) Then 
The pump can enly ryise water up to @ dishuce 


Deis ; 6.07053) _ tL 
= Sof 0. = Soff — fe OBLE 
a as Vuater (624 Fs) 


lence the water wil! not get into the pump, 
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12.33 Owing to fouling of the pipe wall, the friction factor for the 
pipe of Example 12.4 increases from 0.02 to 0.03. Determine the 
new flowrate, assuming all other conditions remain the same. What 
is the pump efficiency at this new flowrate? Explain how a line 
valve could be used to vary the flowrate through the pipe of 
Example 12.4. Would it be better to place the valve upsweam or 
downstream of the pump? Why? 


With £=0.032, E92) 1 Example (2.4 becomes 


tp = oft +| 0.03 ces # (osvis+ne)| = 
Smee , y= @&. " 0 (£2) 
‘i G) Cha)? 
£g.U/) Can be wWrbten as 
uy = fo + b.040° 
or hkith QB aa gel /niin x 


Top = (0+ 3.00x° [0 lal bn) (2) 


The intersection of Eg.(2) (the system eg uation) with the 
erfermante Curve i. Lhe pump, 45 shown Lelow, Inthitates 


that The new #louwrate 1s a) 
O= 1400 | 
and the eF#i creney at Sis flowrate 's approximately 74.0 Je 


(/) 


nee 


100 t 
i | alas Peated ca (cle sing et i 
be ae | 
ae wt Poli oa ae 
19% wo “Hed | , aye c 
ee ee ane 
as foo | | dion C opening valve) | 
HR 60 i He a nite 
es, | i [4 / & | 
| An Any 
*= 4&0 — eh ! f ond my 
| Efticiency 
{+ am | eee ee S 
Suisk 
20} / ae : a 
be 55 ae 
\ i 
| | | 
% 400 800 1200 1600 2000 2400 
(con 't ) Flowrate, gal/min 
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A Ine valve acts as a variable Ti'chona/ resistance 
to the thw. Closing The vale is Gpulvalent Yo datdidg 
trichon and moving The. Sys ten; curve to the lef # 
Interysechng fhe head Curve at an gerntonal polit 
pnvel Ving less Howrate than with a more open valve setting, 
This syste curve js sketched m the Figure on the previous 
page and labeled “more bichon (elosiag valve). ” Opening The 
Valle is Similar Pe removing frichen gnol moving the 
Sys fer Curve fo the righ? 09 fersecting Spe head curve 
at an operating point wAvoling meve thvatk Ban 
with a less chen valve. sering . This System curve 1S 
skekheAt on the previsous page, ana labeled “Wess hichin 
CC ope ning Ya he ). 


zt would be genevally Letter to place the valve 
downstream of The purip to avelc. He low suction 
pressure, ad cavitation possible, wl, upsteam 

placement? of the vale. 
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12.34 — A centrifugal pump having a head-capacity relation- 
ship given by the equationh, = 180 — 6.10 X 10~*Q?, with ~ 
h, in feet when Q is in gpm, is to be used with a system similar ~ 
to that shown in Fig. 12.14. For z, — z,; = 50 ft, what is the 
expected flowrate if the total length of constant-diameter pipe 

is 600 ft and the fluid is water? Assume the pipe diameter to be 

4 in. and the friction factor to be equal to 0.02. Neglect all minor 
losses. 


& # a ss 

ss pee on ee or C/ 
sc ee ey oe = = zs ae ft 5) 
Qnda wyt p=p =0, 42h 50, 2,-2,2 Sofk, f=0,02 , L= Hn tt, gaat 
L= be0tt , £9.) gecomes 


2 
hp= Soft + 0.02 (600 f4) _ VT C2) 


p ft) (2322 FE) 
s* 
Dine 2 
me Ve one REF) 
ra 


FNGEA)* 
Eg. (2) Can be kyriten as 
2 
tuep= FO 73.4 @ 
or with QD IM gal /roin “ 
-¢ 
dp= 50+ 3b X10 lo c#%;)] (3) 
The pump head- capacity relahoushp 1s 
2 
hes 180 -b.10x10"" [0 (#4mn)| ) 


TUS, The operating poimt will eccyr at the Sfowrate 


Where Ye Ap, Or . 
a . ~¥ 
190 -b.10x10 QO) = SOrSbEXIO O 


2 


So That 
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12.35 A centrifugal pump having a 6-in.-diameter impeller 
and the characteristics shown in Fig. 12.12 is to be used to pump 
gasoline through 4000 ft of commercial steel 3-in.-diameter 
pipe. The pipe connects two reservoirs having open surfaces at 
the same elevation. Determine the flowrate. Do you think this 
pump is a good choice? Explain. 
Fymp 
a V,~ £ y2 
—r a FOr Pili 7 a 
7 ay 7 * Pat F = = 4 C1) 


gud with 2 = p=0, WzK=0 Ze z, =o Le ¥000 FE | wd b> 3p2 44 
(neglecting mumer losses) Eg. tM pe tives 

Ye aaa (2) 

P (3f, ft) (2) (32.2 2) 

Since yz @ = GG) 

A 

#) Ey fe)? 

Eg.(2) can be writen #5 


tay = 103 xio° £ | OX) 
The Price tie factor depends on Kez b/: y= LOD |r DV 
Gua with DVT 4¥IRX/O 6 LLY; for pesoline 


i EOE es, ee, 6 5 (PEE 
: TD) Hfe Fe (44 x10 ft") PAD ONG) 


For Commercal steel 3-)in dtameter pipe Ces Fig. §.22) 
= 5 ex? 

Thus, oe a glen Q, f Can se obtaineA trom The Moody 

Chart , or the Colebrook eguation (Eg &35), ana tk, 

feletpinee Svorn & 9 (3). Vabulated Values ave 9ivew 

in the following table | 


(cont) 
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( Cont D 


OE) o#)| ke | £ | 4H 


Uo 0.0891 G27KI0° 0.0208 [7.0 
30 0./78 /.85wi0?| 0.0198 | 630 
/20 0.267 2.78 x10°| 6.0187 | /37 
/éo 0.357 271 x05) 0.018% | Z¥2 
200 6. 4k Yb | g0182 373 
a4o | 6.535 SF5b6X 10° | 6.018/ | F3¥ 


These dats Che vs. @ ) are ple Het 6n Fg, /2.f2 (reproducest 
Selow), and The flowrate a£ the satersection of The system 
Curve and The pump Curve fs 


acre ce 


Since at thes flowrate the pump operates near peak eFhicreney 
TA ts Fype of pump would appear jo be & cod Chore If 


the 'S8 IVY nin Howrate 18 ak ov near The desired flu rate, 


0 40 80 120 160 200 240 280 32 
Capacity, gal/min 


ae 


12.36 Determine the new flowrate for the system described in 
Problem 12.35 if the pipe diameter is increased from 3 in. to 4 in. 
Is this pump still a good choice? Explain. 


Refer to solution to Problem 12.13. With d= Wie tt Eg cy 
(Loos ft) 2 


tp # C2 ft) ¢2)0322 oe) (2) 
ana ye £ a AQF) 


(2) £4 


be Comes 


So that 4, 24sxvi0' £ [ 64 dy C3) 
The Reynolds number Lecomes | 
he = Ef 2 OD) og 739x "O Gt) 


TC Ypp 44) (4910) 


: : . _¢ 
for Commercial steel ¢-1n, chameter pipe (from FG. 822) ; 4 =-¥#SxD 
Thus, for a given @, £ Can be obtained fan Me Mooily char, or the 


Cle brook eguation CER. £35), auk ky debermined trom &G.(3). Tebulated 
Volues aré given i the following fable . 


@ ()| o(f)| Be f |4,4%) 

Ho 0.084) | basxid | 0,021 4) 

Bo 0.178 139X/0° | 0.0192 1% 9 
/2o 2.267 ZOPXIO° | 0.0/83 $2.0 
Jbo 0.359 2.18 X10" 0.01/79 55.9 
200 o.¥¥e | 348x110 | 6.017% 55-9 
24D 6,535 HITK0° =| 0.0174 /22 
280 O.b24 4 9X)" | 0.0172 Mb 4 
320 6.7/3 | $.5¢42" | 0.0170 242 


These dita (h, VS, Q) arc plotted On F794 /2./2 (reproduced 
en the tellowng page), aut The Showrate af tne satersechon of 


fhe systém Curve dnd The pump Curve 25 


= oe! 
P T4255 nin 


(cont? 
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; scan Bi ' 
Ob} et SR eT 
: “bt oat 

i | ! 
i) 40 80 120 160 200 240 28 320 
Capacity, gavmin 


Since at this flowrate The Pump efficiency As fairly 
/ow (~ 47%), Wt bs pump iS wo Jon ger a good Chore: 
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12.37 A centrifugal pump having the characteristics shown in 
Example 12.4 is used to pump water between two large open tanks 
through 100 ft of 8-in-diameter pipe. The pipeline contains 4 reg- 
ular flanged 90° elbows, a check valve, and a fully open globe 
valve. Other minor losses are negligible. Assume the friction fac- 
tor f = 0.02 for the 100-ft section of pipe. If the static head (dif- 
ference in height of fluid surfaces in the two tanks) is 30 ft, what 
is the expected flowrate? Do you think this pump is a good choice? 
Explain. 


Application of the €nergy ey uation between The two free Surfaces 
points lI) Gnd @), gives 


5) zs Pe Ve 7) 
Ga Brae tee Po Be ae 3h 
Gud with b= =o, Y=K4=0, Gud Z,-Z,= oOre. Eg li) becomes 
dup = Bo Ft +4, 7) 


The head Joss term Can be Expressed as hie y2 


————s 


= 4, = [4 [0.3) + 10+ 2 + 6,02 (Z fe) 2 (32.2 £6) 


with The minor loss Coefficients olrtamen from Table 23. Also, 
_ @_ QOH) 


A ©} Een 
Aug = 36+ 2.06 [ol#%)] 


or the system Lguetion Can be writen as 


Gnd £%. C2) becomes 


-§ a 
top = Far 102 XI? (o#)| CF) 
The intersection of the 
System curve (&%. 3) with 8100p 


the Pump Curve ,as Shown 


on The Aigure , (hhcates —— 
That J 80. ibs 
a = 
Pains ar : | 
® 60- 
S/nce The efficiency a? This = 3 | 
flowrake 1s near peak 38 | 
efferent, as Shown ba Me = 40+— 


figure, Mis pump would be | . _ 
sans hry . at H { 


es Senn Lane 
1 
i 
i 
i 


* 
[ 
i 
oa 
ee See 
~ | i 
x savy frasaght aang sans eh a, cahirseial 
ae F i H oe 
3 


Lie ec Se ! j L cnet 
0 400 800 1200 1600 2000 2400 
Flowrate, gal/min 
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12.38 In a chemical processing plant a liquid is pumped from an 
open tank, through a 0.1-m-diameter vertical pipe, and into another 
open tank as shown in Fig. P12.38(a). A valve is located in the 
pipe, and the minor loss coefficient for the valve as a function of 
the valve setting is shown in Fig. P12.38(b). The pump head- 
capacity relationship is given by the equation h, = 52.0 — 1.01 X 
10° Q* with h, in meters when Q is in m?/s. Assume the friction 


Percent valve setting 


(b) 
BFIGURE P12.38 


F, u~ oe: ¥3? 7 
e 357% page pa ee ZA, 


and wth $72 =, 


V.=4,=0 and £,-2,2 53m, E30 becames 


tp 


The head floss Herm can be ex pressed as 
y> 
= 4, = (kK, + ES lig 


(4) With the valve opts Kx lo (Arn Fis. P 12,296) Jo Thad 


f= 0.02, & = 30m, and D=O.lmn, &%.62) Can be writttn as 


aon? | ye 

. 0,02 ors 

he 33m + [40 ie 77 204 PIE. 
0. G@) 

VA (7) (0. 1an)* 


= 33m + ge On 


Gnd with 


£¢ (3) becames 5 
A fp = 33m + [10 t b.o /(926) Loy] 


2 
hp = 93+ s18x0 [| oe] 


or 


(ont) 


/2.-3F 


GW) 


C2) 


loith 


CF) 


[ey 


CS) 


( Cond) 


Svace The pump € feetion /s 


2 
tp = 52Z.0-/ of xl ace) (4) 


Eg. (5) and £9.(6) an = A aaa Lo cdeternme the Flowvate. Thus, 


324+ S718 X10 oe = 52Z.0-1/1. Of X10 ie 


= 
ad Dz 0.052% ay 


(h) Tf the Flowrate 6 to be eat m half so Trat 
Q= 0.0524/2 = 0.0265 m/s, The heed added by the 
pur 1s 3)2 
= 520-ho xi (0026520 ) 
= S0.bm 
From 7.4%) with kK, unkgown 


S0.bm = 3an% Ck, +b0N52t) (4,025 se) 
So Theat 


Ap 


k= 243 


trom Fig. /2.29 (b) The valve would Le 3% open to 
obtain This kK, 
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12.41 


_ ilar penis sats in feature Size at the same flow meat 


2 the pumps are similar jn geometry and other inpolant Z 
ways , opera ting both of them at a fiw cochiicient | | 
| associated with high efficlenty would make sense. 


: : if 
t i + 
i ' 
i i 
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12.41 What is the rationale for operating two geometrically sim- i eee Cane ater 


12.42 A centrifugal pump having an impeller diameter of 

1 mis to be constructed so that it will supply a head rise of 
200 m at a flowrate of 4.1 m*/s of water when operating at a 
speed of 1200 rpm. To study the characteristics of this pump, 

a 1/5 scale, geometrically similar model operated at the same 
speed is to be tested in the laboratory. Determine the required 
model discharge and head rise. Assume both model and pro- 
totype operate with the same efficiency (and therefore the same 
flow coefficient). 


For similarity The model pump must operate at the same 
Flow coe ficient , Ey. (2.32, so That 


YP / oy 
B53), ; rey) 


Where The subseript Gm) refers to Tue model ane lp) to the 
prototype » Thus, 


x Oe 
Qa: BIB) 4 
and wn Ve, Dm [Dy * Ven ank y= ae Thera 
Q, > C1) (BS (41 2?) = 00328 2 


ew 


From =7 ¢ /2, 33 


so That 


AhA ws7H Apo es hy, = Ap D,./ Dp * Ye, A4uw hag * 200m, 


4, SO) CE ao) SB obs 


| 12, #3 | 


12.43 A centrifugal pump with a 12-in.-diameter impeller 
requires a power input of 60 hp when the flowrate is 3200 gpm 
against a 60-ft head. The impeller is changed to one with a 10- 
in. diameter. Determine the expected flowrate, head, and input 
power if the pump speed remains the same. 


For geometrical similar pumps eferating at The Same speed The 
effect of 4a Change 16 impeller dtameter 4% givén by Fes. 12.3%, 
12,40, 12.#/. Shes, 


Oy oF (Eg 12.39) 
G B° 
and WwyrTn @, =  32009pm , D > 1294. ) Ana R= /01n. 


3 , 3 
Q2 > 3) 7) see 1 aes ) (3200 4pm) = 950 opin 


2 4. = 


From Fg. 12.40 


2 
Hes om a Chg. /2.¥0) 
ha, a 

2 


i] 
ins 
Q 
~ 


so that wit ha, 


(2° he, = (121) te#8) = F1.7 ££ 


a, ]Z1n- 


Stmilarlg From Eg. [2.41 
W shete, a DF 
W shefee De 
auck with Wyld, = 60hp 


S ee 
oy a a Ap )= &4l bp 
W tefl - e ) Usb, (210. C p) === 


(EZ. /2.4-1 ) 
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12.4** Do the head-flowrate data shown in Fig. 12.12 appear 
to follow the similarity laws as expressed by Egs. 12.39 and 
12.40? Explain. 


The data im Fig. l2./2 show the effect of chargng impeller 
diameter en fead-Siowitate Chavackenstics. fecording to The 
Similarity laws CX pressed by &e. /2.34 Gna Fg. /2. ko 


2 we 
cs ee (Eg, 12.34) 


2. 
Far 2 (Ep, J2.$0) 
Aan De 
Thus ) 4s tne dtameter bs IacreaseA fton bin. tp 7H te fn. 


ne Tlowvete Increases aC cording to Sf. 1234 45 


(from bin. fo Tin, ) E(B), = (22 \ = Sie FG 


and 
: 4 = (Sin. : 
Crom bin. to Pn.) Gal z= y 0, 7 2.379, 


Sta larly, trom £9. (2.40 
cae bin. to 71. ) eae he, ee yA “* |, 3b he, 


ang 


( trom b/h. to bin. ) ee yh “, = L78 ha, 


Thus, for any Fen nak, Sach ao CA) Where Q= 120 9pm 4nd 


he 7 250 FE Csee Fig. 1212 en following Page) fey Tae bth 
diameter din pellet, The Coerresponding pbredicte Point would be 


E (RP) Where 
a ) er = (59) (/20gpm) = /41 ppm 


4 = (136) (250 ft) * Sho t4 


( Cont) 


fate 


175 aan maaan 
i 


j H i xr 
See IAS See $ 
80 120 160 200 240 260 320° ° 
Capacity, gal/min 


Similarly | for the 8-1n Giameler om pe Her the Predicte pot, 
Point (C), Wweulh be at& 

QZ 37) (120 gpm ) > 234% gpm 
Gna hy, = (78) leso ft) = 4S EL 


Ponts @B) ana (€) fel! near Tre Corresponding curves sr 
Fig. /2.12. thereby demonstrating that Theg do appear to 


follow The similarity [aws, Yes. 


Vote thak according te The Stmilanty laws She btn. diameter 
curve +s simply translated to Tne ght and upwara Le 
obtain the Cerresponding Nhead-flowrate Curves for The T-th. and 
§-1fA. diameter pumps . Lt ts cleav from Fig. i212 That 
tas ts Fenerally How The Three Curves are relatect 


/2- #3 


12.45 A centrifugal pump has the performance characteristics 
of the pump with the 6-in.-diameter impeller described in Fig. 
12.12. Note that the pump in this figure is operating at 3500 rpm. 
What is the expected head gained if the speed of this pump is 
reduced to 2800 rpm while operating at peak efficiency? 


From fig. /2,/2 for the b-in. dhameder senpe ley operating at F500 rpm, 
Dr 120 gpm and he~ 230 FE when operatin 4 at peak efficiency 
( See Figure Lelow ). Thus , sf The pump ts sti lf operated at peak 
ef ficientg witn Tne Speed reduced +e 2800 rpm Then from 


Eg. /2.3¢ 
= Ss aa (ke. 12, 36) 
2. 2 
So That ios s (ee hom 
Ge ey, o, = 3 Sb0 rpm JOrre gp pis Lg ides 


From = 4G, 12.37 


Ae = &; i (Eg, 12.37) 
Ban 
so thet th 2p .. [ 2g00Kem \ 
4i, = Z) hea, ~ es ) (230 ft) « VTE 


nw 


0 40 80 120 160 200 240 280 320 
Capacity, gal/min 
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12.46 — A centrifugal pump provides a flowrate of 500 gpm 
when operating at 1750 rpm against a 200-ft head. Determine 
the pump’s flowrate and developed head if the pump speed is 
increased to 3500 rpm. 


Fer @ gwen pump The effect of A Change i speed on @ 
aha he is GWen by EFs. (236 ana 12.37. Thus, 


D, : (4b 
———— = Je.3b 
QA We g. /2.36) 
and with @ = S00gem , W,= (750 bpm, and li, = 3500 rpm , Then 
p= #2 & = (3500 rpm) ag 
Ne Sige (7750 rpm) (s0e.9 


Similarly 
A 2 
te = ee (Ey. 12,37) 
Re, Ww, 


so That luith te, = 200 tt 


a ee pha 2 seat) ( 200 fr) 


1750 h-pm 


= $00 ft 
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| 12.47 Explain how Fig. 12.18 was constructed from test data. Why 
’ is this use of specific speed important? Illustrate with a specific 
example. 


_ A variety of pump configurations like the ones shown in 

- Fig. 12.18 were tested over a range of flow rates. 

- Performance data like those shown in Fig. 12.17 were 

- acquired. For each pump configuration, the operation at 
_. maximum efficiency was noted and the specific speed, N, , 
(Eq. 12. 43) was calculated for that condition of flow. 

- These specific speed values calculated at maximum 

efficiency operation were then used to distribute the 
_ different pump configurations as shown in Fig. 12.18. 


-. Specific speed is important because from desired design 
_ operational data (, Q, and h, ) a specific speed value can 
- be determined. With that value of specific speed and Fig. 
-. : 12.18 the designer can decide what kind of pump 
- . configuration to use for maximum efficiency operation. 
~- - For example, at lower values of specific speed, a 
centrifugal pump 1s generally best. At higher values of 
~ specific speed, an axial-flow pump may be best. In between 
~ values of specific speed may suggest that a mixed-flow 
pump would serve most efficiently. 
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12.48 Use the data given in Problem 12.25 and plot the dimen- 
sionless coefficients Cy, Cg, versus Cy for this pump. Calculate 
a meaningful value of specific speed, discuss its usefulness, and 
compare the result with data of Fig. 12.18. 


trom Problem /2aS the followin dela. Were obtained ! 


Y (4pm y Zo | % bo G0 oo | /20 /40 
92. G2. 87.9 53.5 77.3 69.5 ThS 
t, Gt) 


q (%) 24.7 H.2 49.9 SVS 43 | boy | S24 
Power 458 2.27 2.67 Z 957 344 244 ins 
jriput ( bp) 


- 7 
For w= (750 Fe \ew 4) win ee and D2 AA 


Fo News Thad 
Coe Y = D gpm V0.8 #2! Nook, ) 
@ lo h§ rad P 
(1633 ) (4 #) 
2.88x10 @ Cepm) 
_ pha _ (2222) 4,44) 
A*D” (jet (Lay 
L70 x0" £ G& 
W shett - Ware Chp )( S60 aa ) 
ee te She 
CU D™ Chay eae) ea 3G BY 


~4 . 
= 1.94 X10 Woe, Chp) 
Based on The data above: 


Vj 


If 


iF 


Plgpm)| ze tho bo §0 foo | f20 | So 
Ce s7bxlo "| “sxe? | £73.163| 2.30x07| 28R0"| 246x10°| ¢oaxw? 
Cy 01581 | ais | alee | blfa3 | 2/317 | aude | o10¥ | 
Op 3.07 x0 | # You | Suse ®| Savio? | bigs | 77410 | 776s lo 
q 247 4b Meee) ea: 1-227 | ene be | ee 


C ten t) 
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The plot of Cy, 6,7 versus Cg Is shown below, 


0.20 


6,15 


O46 


3x103 


Ce 


Ni, S to (1p) Q opm) 
Chen ]™ 
= / yn at = 6. 3% 
| So for R= oo gp Tie ’ 
| N= (1750 1pm) \flooyem) _ 7, 


[ (77.3 +4) | sy 


| whieh @ within the range of N values Jor vad ia/ Hon! 
pumps In Fig. 12./8 
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12.49 Ina certain application a pump is required to deliver 5000 
gpm against a 300-ft head when operating at 1200 rpm. What type 
of pump would you recommend? 


for Q= S000 gpm, Ay = 300 FL, and @= l200tpm, the 
Specific Speed 4s 
Ny - om) V0 Gem) 
[ke] 
(1200 rpm) | Ste gpin” 
( F200 fe) * - 
= [480 


nn 


From Fig. /2. 1S we This Speatre Spee a radial 
flow Pup (Centrifuge! Pamp) luould be becommended. 
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12.53 A certain axial-flow pump has a specific speed of 
Ns = 5.0. If the pump is expected to deliver 3000 gpm when 
operating against a 15-ft head, at what speed (rpm) should the 
pump be run? 


Since 


a) Cred) Q@CtZ) 
ic 4, Cee)) 7 
toy N= $70, ff 7322 Hs; 4, = IS fe | Gad witu 


= ee ee 
© (748 E,)\(b0 mnin ) ® 


iE follows That 


y° 
ay (22 SS ( Ss #4) 
sy (haley « (52) Hee R Mien 


| 6, bg #t? 
S 
= 194 3 


Hence Zo (rpm) = (194 md) (bora) 


trad 
£17 rev 


= [900 rpm 
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12.54 Acertain pump is known to havea capacity of 3 m*/s 
when operating at a speed of @0 rad/s against a head of 20 m. 
Based on the infermation in Fig. 12.18, would you recommend 
a radial-flow, mixed-flow, or axial-flow pump? 


Since 
“> (rad/s) | OC lw'/s) 
Ng * 3/; 
[pea A aay 
for 63> 60 rad/s Q = 3 m/s, ye 7 81 aais* Gua 4, = 20m 
_ (borad/s ) | 30s 
Eee ee niimee titi chee een aa 3h, 
[ Garmbe)lcom)] 


= 1,78 
From Fig, 12,18 lorta Nee L978 The pump 4 


a Miked-flow pump. 


des 4 /2- 5) 
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12.55 Fuel oil (sp. wt = 48.0 lb/ft’, viscosity = 2.0 X 
10~° 1b-s/ft*) is pumped through the piping system of Fig. 
P12. witha velocity of 4.6 ft/s. The pressure 200 ft upstream 
from the pump is 5 psi. Pipe losses downstream from the pump. 
are negligible, but minor losses are not (minor loss coefficients 
are given on the figure). (a) For a pipe diameter of 2 in. with a 
relative roughness e/D = 0.001, determine the head that must 
be added by the pump. (b) For a pump operating speed of 1750 
rpm, what type of pump (radial-flow, mixed-flow, or axial-flow) 
would you recommend for this application? ({K,= 10. 0) 


M FIGURE P12. 55 


C1) 


a Se. V. 
(al ti Vea, +h Br Beat Zt. 


a 
gv 
Wrin O= #8, 0 1b/ ft" , p=asps:, =o, v= 46 Hels, 429 and 
Z.-Z,2 20 ft, Eg.) b¢ comes 


) (1 2) (44 )* 


ws +t, = 2ofd + By (2) 
48.0 2 2 (32.2 52. ) 
The head poe a be aoe as (444) 
=] 70.0 +#/1S + 10 F fe 
pee ee ee 2 2)(32.2 
Valve elbow exet re (2) zs) 
The Kegnolds number 1s 
7 yD. (P82 ges ICSE 
fete = 82.2 f% Ss , % 
fe pi a es es, A KID 


“ST [Ses 
.OX1b ese 
of roan 


ana with ELy= Ooo! f= 0024 (Am Fug. S23). 
Thus , dA, = '3.6 #2 Aut ttm £7 (2) 


Zip= 18.3£4 
(2) Since (p= yAe (4,4 YG a) on £8 
i = (010 &)( 749 B Meo, ) = 480 ppm 


The specific Speed at /750 k pra ‘s 
to rpm) [2 Capm) _ (1750 bpm) |) 4. Ogpm A gene 
[Ae Cfe)] [/e3#]°* 


For This speci tie speed a radal-Fflow ump Would be 
eChpimeined der Suis. Apaiicution -Csee Fig, 12.18), 


Df een 


Nae > 


' 12.56 The axial-flow pump shown in Fig, 12.19 is designed to 
move 5000 gal/min of water over a head rise of 5 ft of water. Es- 
timate the motor power requirement and the UV, needed to achieve : 
this flowrate on a continuous basis. Comment on any cautions as- oust 
seciated with where the pump is placed vertically in the pipe. 


| 7 Frage &g. 12.21 we get the power equivalent? to the head ¥ Vise. 
and Fflorake olved. This is the minimum “power repuived we 
achreve the. Performance specified. 


p= 7Q@h, 


mi 


wes Cf) 4 
= Gat fe, ome se! ) : fib) | 
oe on 9, 4, i: 60 => 550 

i ( =) Cg rnin) : oe te 


P= &./ hp 


To es fimaye the sheft or moty povey Ciae we need dy 


oe . assume the ethiclency of the convers/on of, “shaft ¢ by: actor 
Samer. aiae) into the pump pertwmance Spee! hed. 


= FP o tw 80 cFBcieney 


‘ are velated tw &. 12.4 Yhroug b 
-mUV,, = pAVUY = fees 


« (bt0) Coa fe Yon fon fe ok, oni 


=) 


4 
[s 


Ccon't ) 
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ee con't ) 
- “The main Caution in Placing the pump vertically > a 
the intake pipe is + do so th a. way to. avoid : 
Cavitaton th The pump. the collapse of cevtlahiok | 
pubbies in The pump can €rede pump blade, end oer 
Wetted surfaces. App) lying the energy equation , 4.5 x BH 
between the Hee survace (1) anc the pump entance (2) we 
ge? | : 


2 2 


Rebirth pe-h 
e v 


So 


and to Mavimtze. FR, we minimize 2,-2,. To achieve 
, ¥ 


be 
pipe. This will tend to kee £, high enmugh fa aveidl - 

 Cavifahtn which occurs when P and fov velatecd. prescures ce 
th the pump became less than the viper past of | | 
the fluid. 


this we Place the pump high verticall be The ere 
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12.6 Ll “Consider the Pelton wheal canbe illustrated in Figs. 
~ 12.24, 12.25, 12.26, and 12.27. This kind of turbine is used to 
drive the oscillating sprinkler shown in Videe V12.3 Explain 
how this kind of sprinkler is started, and subsequently operated 
at constant oscillating speed. What is the physical significance 
of the zero torque condition with the Pelton wheel rotating? 


As shown on page 775 below Eg. 12. $0 


le = mr (U-U)Ci- cosa ) = 

So tw no rofehon of the whee] or Us 0, the variation 
of Che Pn with changing m 1 linear. When ly Lett re 
just lavger than the aay torgne. provided by a 
Ue apinihldes, Gis: Helen cokeal wield aad ate | 

the oscillatin of the sprinkler, After wheel eae 

polation and svinkler oscillation begins ey poe 
Con stank value of m and T, results. nA op! 


Cheb 
Constan} value. of CF ang Saas rotator speed 


and also oscillation period. 


If the shat} cwmnechag the oscillating sprinkler 
to the Peltor Whee] breaks duaving operation , ae 
the Sprinkler wil) Cease osti Mah a5 and the eae 
Fel tm wheel will run al constant rotator pe | 
Speed correspond ing fo Uszy 
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/2.62 


mean radius of the turbine is 1 m., and the exit angle of the blade - 
is 135° relative to the blade motion. Water is supplied through a 
single 0.20-in.-diameter nozzle at a speed of 50 ft/s. Determine the 
flowrate, the maximum torque developed, and the maximum power 
developed by this turbine. 


@ FIGURE P12.62 


| — tie. ee heel Shon 
QAM = Bor y-F (G22H) (08) 


| From Fig, 1.22 cnao, 


= 0.20in 
eae a - 
and KO BHISS ; 
W, HF 0.25 mV,” (I-¢os Q) 
: max 


4 lvas 
where m = 0 = 19% SHE (0.0104 i) 20,021) sas 


: Thus, 


That... = 02 <3 S98 (75 #4) (50 #)(I- JS BE VE 0.150 ak ie | 
. = 0,150 ft: i 
and 0.450 fhlb 
sivas it? 195°) = 22.5 shogs ft 
seg ee ee wae Ts 
or 


: fb Ny 
Wenatt =22-5°S Zag Hb = 2 a 
max 
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12.63 The single-stage, axial-flow turbomachine shown. in Fig. 
P12.63 involves water flow at a volumetric flowrate of 9 m?/s. The 
rotor revolves at 600 rpm. The inner and outer radii of the annu- 
lar flow path through the stage are 0.46 and 0.61 m, and B, = 60°. 
The flow entering the rotor row and leaving the stator row is ax- 
ial when viewed from the stationary casing. Is this device a tur- 
bine or a pump? Estimate the amount of power transferred to or 
from the fluid. 


BFIGURE P12.63 


Wehatt = m(Th Vg - U Ver) where Vo, =O © 


and . a) 
= < Vgt1o) . a 

Un= Olean =v { S. Thus, with as =(s00 2 )(lmin ) (20 Ted). 62. 9 Lat 
this gives 

0, = (62.8 Fad )( 246m +0.61m) 2 33.20 
Also, 

a ] 3 

m= EQ= 999 28, (9 Mf) = 899/ bs 
Bul Y= Ww cosbo" Az or SINCE A = (ry? ip) 

IP 

Ws 94 


W cosé0°(0,4]7 -0.¥6D mi = 35.72 
Hence, from the velocity triangle, 
Vg2 =-We sin60 +U, 

= ~35.7 sin6?+33.6 = 2.70 @. 


From Ea, CN): 


Wshatt = (899) bs )(33.62) (2.70%) =8,/6x 10° >o 


The device is an 8/6 kW pump 
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12. 64 Describes what will happen when the flow through the - 
turbomachine of Fig. P12.62 is in the Opposite direction (right 


to left) and the shaft is freed up to rotate in response to the re- | 
versed flow. 


when How is reversed as shown in the sketch above aM. the 
velocity of the flow out of the stationary fe row ( new a. 
noszle) will leave at approximalely the blade exit angle. The 
magnitude of Vy will defend on the megni bade of the 
flowrate @ . From the velocity triangles canaia above 
we conclude that the voter will now move ina 
direction opposite to the one of problem (2-44. ine 
rotov specal will depend on wlues of Q aud the restraining 
shaft Torgue, T. From the velocity triamgles we also 
conclude that the Huid frees on the movin rete : 
geetions are in the same direction as blade ig | ° 
the fluid is doting work on the non The were K 
ho acting as a turbine . Wate = in (U, Vee Nes 


May be used to dekrmme shaft power. 
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* 12.65 For an air Giabind ofa dentist’s drill like the one shown in 
' . Fig. E12.8 and Video V12.4 calculate the average blade speed as- 
~~ sociated with a rotational speed of 350,000 rpm. Estimate the air 
_-+ pressure needed to run this turbine. 


fies Re me i 
H go: H iG 
os sdannirenrmecrrceinrnems-enbrarssatinaneeriewed f 


We calculate the average blade speed , U, frm 


a 


Us Ho 02 = (KN Jer = (0. 1334 0.168. in Gq Fe tev bo a) | 
(2 te ' ta 4 lle aka 


U = 454 f+ 
ss Si 


To estimate the air pressure, 2 , nteded ‘fo vun this - 7 

~ durbine , we eshmale that the nozzle exit velocity . Lt 
18 bent tater as lenge as the average bide 

ie a oe 

ye2U = 98 ty ee rs 


/ the Cones ponding Mach number , M, lis shit bly 


pee a ee. “op C eefinad oe cat t To . 
| C 1100 700 Tf 


7 Bx w(H-T pla) = TET prin 
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“12.66 ~~ Water for a Pelton wheel turbine flows from the head- 
water and through the penstock as shown in Fig. P12, 6. The 


effective friction factor for the penstock, control valves,and the 
‘like is 0.032 and the diameter of the jet is 0. 20 m. Determine 
‘the maximum power.output. ~~ 


Elevation = 975 m 
(0} 


i V “(yt pievation = 250 m 
0.20 m 
M FIGURE P12. 66 


Wehat . eau(u-v, )(I-cos@) or tor maximvm power eC =/80° Veh 
Thos, , 


W, =- EQ Mr (1) 
Shaft = ? 2. 
Max 


But fey Z +2 = feat ag 42,446 where fo= f=, 20=475mM, 
Z,=250mM , and Vo= 
2 2 | 
Zo = 2,4 3h fee where A,V,=AV | (3) 


Fd? =£0°V . That is V=(#)y, =( 252)V, = 0.0494 


Hence, 


or 


0.9m 


so thal £9, (2) becomes: | 


975 m = 250m + teers! +0, 032 ( Bee (a. 0494) d where y~ 2 
or V.= = 43 2 


Hence, 
Q = AY, = 2(0.2m) 43) = 3.562 


Theretore, trom £q.(1): 


. m 
Wehat} = -(499 2,)(3,5¢.2) (Wass) = 23.2x)0° ol 23200 kW 
Max an nneeaaeiene 
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12.67 Watertoruna Pelton wheel is supplied by a penstock 
of length € and diameter D with a friction factor f. If the only 
losses associated with the flow in the penstock are due to pipe 
friction, shown that the maximum power output of the tur- 


bine occurs when the nozzle diameter, D,, is given by D, 
D/(2fe/D)'4. 


Webaft = ee! (U-V,) (I-cosg) so the maximum power ae occr’s 
with @= 180" and U= > A . Thos, 


Wehat! = cg where a) 


fe + We © +20 hes Baa tthe 


ve oe) =O, and %-2,=h. This, 

hese tee where since A,V,=AV or 24, - = Z£07Y we have 
2 

Me =(5,) V 

Therefore, h* x He [1+t4 a) or =e 


V7 


h 
a ~ [ret LDF] 


Ds 
Weh = Pah = ez D, VA ‘ = _V2gh 
sett = Cth oF) (14t#, Dt) ies ( (I+ ef «Oty? eo) 


For this problem f £, D and h are constants ; 0, is variable. 
Thus, from £gs. (2) and (3): 


: 
and Eq. (1) gives 


sal 


Wehaf} ie? Kb; 76 where K =const. , and CH cons}. = th 
l4cD, 


Note: Wshatt —-0 as D0 ahd Qs b, —~ OD To tind the b, thal gives 


maximvm power overall, set “ait0 O 


AWshaff  _2KD sini 
ery | I~ 4a). O, /+c0Df=3cb,* or D*=z¢ 
: __D | 
Thos, b,= aidy = (2t#)% | 


12.68 A hydraulic turbine operating at 180 rpm with a head of 
100 feet develops 20,000 horsepower. Estimate the power if the 
same turbine were to operate under a head of 50 ft. 
Since. hydraulic turbine tle is incampressi ble, we use the dimensjmless paramekers 
developed fer hydraulic porns , namely 5 Flow, head and power coefhicients. Por 
this situation we specify operator at the same efficlency anal thus How 
cocthicient with one half the head. Thus, head coefhicienft remains 


Constant and 2°r. — a hr 
! 


2Nh2 2, 
w*D wD* 1, 


so with D,=D2 and 9,=92' 
100 50 
a nl =/2 
(180)* de or ae ba LF ; ; 
sit _ shalt) 
a 


Alse power coetficien® is the Same Fo pa? D> / = “pw? D> 
so with D,=Dz and = (2° 


20000 Wehatt ig Ww = 1,000 hp. - 
se Sac arene ! if t 
(100) (2D Og rr carter 


Z 
Vv 
4 


aA 


12.69 Draft tubes as shown in Fig. P12,69 are often in- 
Stalled at the exit of Kaplan and Francis turbines. Explain why 
such draft tubes are advantageous. 


Draft tube 


MB FIGURE P12.8 
Without the draft tube there would be a relatively Sigh speed exit jet 

(speed V,, pressure p,=0). With the draft tube (which acts as a 
diffucer) the exit speed is mich smaller (4x0 ; p29). From Bernovlly 
eqvation it follows that <0 (with the draft tvbe). Hence there isa 
larger head available to the turbme. More energy can be removed 


from the thid, | 


No _ W@W Wshatt _ 60 V3xlo* 
N peel Babson ee ee 


12:70 Turbinesare to be designed to develop 30,000 horse- 
power while operating under a head of 70 ft and an angular 
velocity of 60 rpm. What type of turbines is best suited for this 
purpose? Estimate the flowrate needed. 


Wehaft = 30000 hp ‘ h, = 701 ; and w=60rpm $0 thal 


Z “ =5L3 For this valve a Francis 
y) SM —_——_— 
(hyy* (70) turbine would be appropiate, 
Also SINCE Wer otf = S@h, it follows that . 


Wehat} (30,000 hp)(550 LD 


ff? 
= =378> 
0= +h, (2.4 8 70H lle i 
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- 12.71 Show how you would estimate the relationship between fea- 
ture size and power production for a wind turbine like the one .- 
shown in Video Vi2. 1. 7 


To ee the. iene behweer, oes 5132 ana ( power 
produchon fv a wind turbine we use the dlimensionkss 
pi terms oF Es. 12-29 and 12:30 which ave applicable for 
this incom pressible Flow. Fv similar turbines ana opevaatin: 9) condi tions 


W halt | ie Watt 2. | 
wD? aps | 
ond 
gha: ghar 
» 
69D,” wy dD, ! 
Since P. = 4 Por | har = har, we combine and get 
j 2 
W pal i = D, 
; 2 
W chef 2 D, 


Ov power Va vies with feature Size “f uavecd 
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12.72 | 


12.72 Test data for the small Francis turbine shown in Fig. 
P12:12 is given in the table below. The test was run at a constant 63 in “J is 
32.8 ft head just upstream of the turbine. The Prony brake on 


the turbine output shaft was adjusted to give various angular ? 
velocities, and the force on the brake ann, F, was recorded. Use 

the given data to plot curves of torque as a function of angular 
velocity and turbine efficiency as a function ef angular velecity. 


Teraka arm 
Df Brake cord 


atrpm | go tft3/s) | F Ub) 


O 0.129 2.63 

1000 0.129 2.40 

1500 0.129 2.22 

7 1870 0.124 1,91 
2170 0.118 1.49 


2350 0.0942 0.876 
2580 0.0766 0.337 
2710 0.068 0.089 


MFIGURE P12.72 


Since & MM, =0 for the brake arm if 
follows that ER= Er-F,r 


Also, the torqve on the turbine 
: 7=Rr- 3 ag 

Prac pels 
Also 


ne Fr~lb Q) 


nats where h, = 32.8 ft 2 F, 
Thus, 
y= (Hw Bis Jiminy amrad) 
(6248 B)(Q #) (32.8) 
or 
y= suexs LY where T~ tlh , wwrpm, Oncts (2) 


Q 
Values of T and » are given in the table below and platted in the 
graphs shown. 


(con't) 
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/2.72 | (con't) 


_w, rem | Tb | 4% 

O | 1.397 0 
/000 1.278 0.506 
1£00 L179 0.701 
1870 NOG 0.783 
2.170 0-792 0-7¢5 
2350 O65 0.593 
2580 0.174 0. 308 


27/0 =| 0,0#7 0.096, . 
1.4 : < : : ee ee a 7 Sere penpecprepengee meg omnes rele erg oe nese 


O.6b 


OF ‘Loe 


0.2 


Sh Od 


o..OCt~™ 1000 Ww, rpm 2000 2002 
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12.74 The device shown in Fig. P12.}4is used to investi- 
gate the power produced by a Pelton wheel turbine. Water sup- 
plied at a constant flowrate issues from a nozzle and strikes the 
turbine buckets as indicated. The angular velocity, w, of the 
turbine wheel is varied by adjusting the tension on the Prony 
brake spring, thereby varying the torque, 7.,a,, applied to the 
output shaft. This torque can be determined from the measured 
force, R, needed to keep the brake asm stationary aS Tyan = 
_F¢, where ¢ is the moment asm of the brake force. 


Brake shoe 


in the following table. Use these results to plot a graph of torque 
as a function of the angular velocity. On another graph plot 
the power output, Wan = Toba, @, aS a function of the angular 
velocity. On each of these graphs plot the theoretical curves for : 
this turbine, assuming 100 percent efficiency. 

Compare the experimental and theoretical results and dis- 
cuss some possible reasons for any differences between them. 


@ (rpm) R (Ib) 
¢) 2.47 

360 1.91 
450 1.84 
600 1.69 
700 1.55 
940 1.17 
1120 0.89 
1480 0.16 


Experimentally determined values of w and R are shown cum AO) ~~ 


0.542 ft/s > 


( a) Experimental : T= Rb=(0.5t)R or T=05R Feld, where R~lb a) 


and Wry = Tw = 7 (whet) (. (Leia) (Bee) 


or Ip : 
Wrote = 0.1047 TW TE where T~Hlb co~rpm 


(2) 


Values of 2v,T, and Wain are given in the fable and 9faph below, 


(b) Theoretical : 7 = mr (0 -V,)(1~cos@) where ASS VINE 6 =/80°, 


_@. 0sy2 i 
Vs © Progias ~ 5372 , and 
# (aah 


m= ev= (1.9 shies) (0,542 £) = 0,/05 slugs 
Hence, with V= uP = (aH) FH rad) = 0, ew Wd ~ 1p 
T = (0.105 shee a)Fo, 02.62 w ~53.7| 


T= 14) [4.88x0 w -I] tb : where w~rpm 
(con't) 
/2-6F 


or 


Q) 


4A2.7¢ | (con't) 
: 69 
Also, Whryy = Tw = T(Zo 4) = 0.1047 Ta a where T~H-/h, w~epn 


Values of T and Why.n from Eqs. (3)and (4) are plotted in the graph 


below. fa) th 
experimen ery , ; 
rpm) T, tlh |Watt » fh ~T, feb! Wohatt fb 
O 1.235 6) 14] O 
360 0.955 36,0 1.16 43,9 
450 | 0.920 43,3. 1,100 51.8 
600 0.845 53.1 0.997 62.6 
700 0.775 56.8 0,928 68.0 
940 0.595 S7.6 0.763 75.1 
1120 0.445 §2.2 0.639 75.0 
/480 0.080 12.4 0.392 60.7 


1,0 
08 f 


a ge nate Kiki 


04 be 


Of 
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